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SURGES IN PANAMA CANAL 1 
IN MODEL 


Am. Soc. C. AND EDWARD SOUCEK,? 


‘Assoc. Am. Soc. C. 


Synopsis 


1: 60 scale model of Gaillard (formerly Culebra) Cut was built” in the 


Panama Canal Hydraulics Laboratory for the study of surges caused by lock. * 

operations. The» verification tests s described in this paper consist of " water- 

“surface observations of model and prototype at corresponding locations a1 and 


times, during and after corresponding lock operations. The success of th 

ests was made possible by the cooperation of various divisions of the Panama 


‘Gaillard Cut is an 83-mile ‘ane of the | summit level of the Panama Canal, 


~ extending from the Pedro Miguel Lock to Gatun Lake at Gamboa. — Fig. 1 
.3 . shows cross sections at the observation stations. The operation of filling Pedro 


Miguel Lock creates s surges w vhich increase the difficulty 0 of handling ships i in 
- the Cut. Although the condition is not particularly serious at present (1942), 
4 will be a aggravated by the operation ofa proposed larger lock. va The r naviga-_ 

tion conditions at the junction of the proposed by-pass channel for the proposed 


third lock and the existing channel are of special importance. No further con-_ 
sideration will be given to the navigation problems involved. This paper is 


confined to a presentation of the results of verification tests. 


T 
Protorrre T ESTS 


The prototype observations were made in December, 1939, p prior to the 


construction of the model. All tests were conducted at night after traffic in. 


the Cut had ces ceased and the water surface had become quiescent. mi 
Pedro Miguel Lock « consists ; of twin chambers separated by a center wall. 

‘There are three filling culverts, one in each side wall and one in the center wall. 

The center- wall culvert is valved in such a manner that it can be opened to 


_Nors.—Written comments are invited for immediate publication; to insure publication the dis- 
‘cussion should be submitted by June 11,1944. 
Asst. Prof. of ae. Pennsylvania State College, State College, Pa. 


2 Chf., Eng. Div., Office, Wilmington, N. 
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two-culvert fill of the East Chamber 


three-culvert fill of both chambers 
Two three-culvert fills of of both chambers; interval 
between fills 88 min 
_ Repetition o of Test No. III settee 
Tw o three-culvert fills of both chambers; 
between fills 44 min 
It was necessary to (0 plan. the tests carefully because there was no means of 
communication with the observers. Observers met at Pedro Miguel Lock at 
A: 30 p. m. each night, received special instructions regarding the test scheduled 
for that night, were issued equipment and supplies, and were transported to 
their ‘stations us by launch. Synchronized stop- -watches, previously checked for 
‘accuracy, were used for timing all readings and operations. — All watches were 
_ started simultaneously, wound every hour, and stopped simultaneously | for 
checking after the observers had reassembled . No: adjustment of observations 
for errors in timing was found necessary. All equipment, such as watches, data 
sheets, flashlights, _ etc., was furnished i in duplicate to each party. A party, 
consisting of two observers, w was located at each station and at the lock control 
house. 
Prior to the tests, a series of water-level made at 10-sec 
intervals at one of the stations. This series, was made i in the daytime, unc under 
7 normal traffic conditions, to find ‘the interval for test readings which would 
define the surges adequately. A 1-min interval was found satisfactory and 
Zz was adopted for the tests. ‘The duration of observations each night 


_ averaged more than 5 hr. 


Description 


the exception of permanent gages at Pedro Miguel Gamboa, 
temporary s staff g gages were installed for the verification tests. . Theg gages $s were : 
a graduated i in tenths of f feet but readings Were estimated to hundredths. - The 
: | gages were leveled, prior to the tests, on a quiescent water surface during early _ 
morning hours before traffic started through the Cut. check upon 
accuracy of gage settings was obtained each night by taking readings for several — 
- minutes prior to lock operation. . Small adjustments were made on the basis 
7 of these observations. _ Various methods of cross- ~checking 1 the gage elevations 
and all indicated that the adjusted elevations were correct to the 


hearest one- -hundredth of a foot. 


rejected. Although friction was relatively unimportant, the concrete surfaces 
in contact with water \ were finished so as to give proportional friction losses in 
and | prototype. Lock hydraulic systems were not simulated, but 


— 
7 
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both simultaneously. ‘he schedule of lock operations 
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a -curves—obtained during prototype tests—were approximated in the model by 
the use of manually operated gates. feature me most difficult to simulate was 
junction of the with Gatun . Lake. An uncontrolled forebay large 
enough to simulate 1 ‘the lake ce Was impracticable. A relatively sma small forebay 
— (684 sq ft), with overflow troughs to maintain a constant level, was adopted. : 
The overflow length and rate of inflow to the forebay required for similitude 
were determined by trial. Any constant inflow within a considerable 
‘could be used without "disturbing the similitude. This characteristic of ‘the 
model supports the confidence which the writers have in the ability of of the model. 
to indicate surge conditions for which no prototype comparison is = 
Wate ater-surface observations i in the model were made on inclined staff gages 
we 1 were | designed so as to minimize local disturbances. ‘The gages gages were 
graduated at vertical intervals. of one-sixtieth of a foot, “representing one foot 
on the prototype. os Readings v were estimated to. the nearest tenth of a foot, 
prototype dimension. This method observation may be considered crude, 


but has been n entirely justified | byt the results obtained. | , Other proposed meth methods 


Model observations were timed by the u use of a a single el electric timer, located 
- a control station. OA buzzer § system was used to o signal the observers when 


Test No. II will be used to ‘illustrate. the surge phenomenon. ‘Fig. 2 shows 


_ water-surface profiles: at 5-min intervals following the beginning of lock filling. 
Although these profiles are based on actual prototype observations, the small 
number of stations permits considerable latitude i in interpretation. — —_ 
reason, the profiles should be considered pictorial tather than exact. = 
ale Considerable 1 song ge in | section ‘and in average depth exists in the Cu Cut 
as is apparent from Fi ig. From consideration of approximately — 
cross sections, the average was estimated as 41. ft. The corre-_ 


sponding wave velocity velocity the form formula Ne 


is. is 36.4 ft per —" of om are so low that wave velocities may be 
a considered to be absolute. The point of the : | arrow shown with each profile 


of Fig. 2 indicates the position which the front of the wave would occupy if 
it traveled along. the Cut at a uniform velocity r of 36. 4 ft per ag Fair a agree- 


dj exact stations from which reflection should be considered to occur, pasate 7 
at the lake end of the Cut, would be expected to produce some discrepancy. _ 
‘The surface width near the lock is about 750 ft. — The rate of inflow to the 
locks varies, but the maximum rate in the test under consideration was ap- 
proximately | 22,500 cu ft per sec. - From discharge, wave velocity, and surface. 

= the drawdown calculated by continuity is about 0.8 ft, substantially 


the depth which occurred. ~ Some sections of the Cut are much n narrower, the 
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In the 5-min profile (Fig. 2), the water at the initial level is still at rest, 


while flow occurs toward the lock in the depressed reach. Five minutes later, 
inflow to the lock has ceased and water is beginning to ale: up against the lock. 


Minutes 


Minutes 


| a 


Minutes 
= 


> 


35 Minutes 


SurFACE PROFILES AT INTERVALS 


In the 15-min profile, the surface at the lock has tuned to its initial level. 
_ The “sag” in the water level at this time i ‘is a measure of the volume ‘drawn into 7 
the locks—about 8, 000, 000 cu ft. - Water i is at rest both ahead of and behind ; ‘ 
the “sag,” but it is motion toward the lock under the e “sag.” Water is 
being transferred past the moving “sag” at a rate approximately equal to the \ a 
‘maximum rate. _ of inflow to the locks which occurred nearly 15 min earlier. 


in slopes at the front and back of the “‘sag”’ is indicative of the 
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variation in rate of flow during the » lock filling period. - The e length of the “sag” 
is a measure of the duration of inflow to the lock. Th he 20-min- profile is a 
~ further development ¢ of the condition which has been explained. aie 
ies _ A rigorous treatment would require that the front and back faces of the 
“sag"’ be treated separately. _ How ever, no harm to the description, and con- 
siderable simplification, result if the disturbance is considered from now on as 


a single wave. . For discussions of the mechanics of wave reflection, referenc e 


(a) TEST NO. 1 


| 


| 


Water Surface Elevation in Lock Chambers, in Feet — 


o 


LEGEND 
+---+---+ Model West Chamber 
Prototype East Chamber 


in Minutes on the Prototype 


Fie. 5. —ComPartson OF Loox Curves 


is made to selected literature by Horace W. Earl I. Brown,‘ H. 
Rouse.* OF or the purposes of this paper, it may be stated simply that waves 


are reflected without change in sign from closed ends ar and negatively from 
junctions with large bodies or those in which | a constant level 


 3**Translatory Waves in Open Channels,”’ by Horace W. King, Civil Engineering, June, 1933, pp. - 
of Water in Canals,” Earl I. Brown, Transactions, Soc. C. E., Vol. 96 
Mechanics for by H. ‘Rouse, Societies Monograph, , 1938, 
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The e 25-min profile (Fig. g. 2) i is a a stage of the reflection i in the negative sense 
and the 30-m -min, 35- min, and 40-min profiles show the return of a somewhat — 


attenuated “hump” from the lake > tow ard the lock. Th The 45- min and 50-min 
profiles show the positive reflection at the lock. The 55- -min, 60-min, and 


a 65-min profiles show the travel of the reflected 1 “hump” f from the lock toward 

the lake. _ The 70-min | profile i is the second occurrence of ne negative reflection 
and the 75-min, 80- “min, and 85-min profiles show the passage of a now con-— 
attenuated “ ‘ ‘sag” toward the 


eyele. 

The effect of successive lock fillings during either of the en 
phases, exemplified by Tests Nos. III and V, is predictable, at least quali- 
tatively. 


‘CoMPARISON OF AND PROTOTYPE 


No. III, is not reptodueed as were identical. The is 
considered to be very satisfactory. Iti is s evident that c conclusions based upon 


tests. . Refinements: could have been adopted w hich would have producgd : 
better: results, but | they v were not warranted for the studies undertaken. . Itis 
q believed that more accurate reproduction of the lock filling curves would hav 
7 eliminated almost entirely the relatively small discrepancies which are indi 
Comparisons of typical filling curves are shown in Fig. 5. 
A comparison of Figs. 4(a) and 4(b) is of special interest because it 
: illustrates the result of synchronization and of anti-synchronization of the 


effects of consecutive | lock operations, = 
ACKNOWLEDGMENTS 
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ead based —_ he 1 ‘Mean nean velocity an and a coefficient. | t. This This ¢ cin 


Iti is the | ratio of either the mean of the 


are of the. mean, or the mean of he on 
me Te 


ube of the The and Meneing equations 


n ntly considered to be i 


1 not considered a equations 
except for uniform velocity p to be used in 


momentum equations is then to be ratio of the mean. of the 


Iwrropuerion 


4 came in a pipe or open « channel it is not necessary to onsen the variation jon of 

velocity throughout the | cross | section; use of the average velocity \ will g give 
sufficiently results. Textbooks on hydraulics, therefore, merely do- 


7 equations are then used for total flows. There are problems in nonuniform 
flow, however, i in which a h a substantial part, of tl the t total change i in momentum 

and kinetic e energy between two cross sections n may be due to a a change i in cw" ; 
distribution of velocity as distinguished from a change in the mean velocity. 

In such proble 'y must be ta 

In such problems the nonuniform distribution of velocity must be taken into 
account by integrating, over the cross section the equation of flow through | an 


—Written comments are invited for publication; to insure publication the last 
discussion should be submitted by June 1, 1944. 


Associate Hyde. Engr., Water Resources 28. 8. Geological Survey, Washington, D. C. 
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_ | COEFFICIENTS FOR VELOCITY DISTRIBUTION i 
IN OPEN-CHANNEL FLOW = 3 
a By WILLIAM S. EISENLOHR, JR., Assoc. M. AM. Soc. C. E. 
Where it is necessary to take 
0 ne velocity 
ares of the 

local velocities tot bes of the local 
velocities to the 
fromthe mentum equations, 
7 
| 
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VELOCITY DISTRIBUTION 


we The momentum and kinetic energy 0 of a stream of water are functions of 
“the square and cube of the velocity, respectively. _ Therefore, the total mo- 
mentum and kine tic energy possessed by a stream at any cross section are the 
sums of the momentums and energies of the flow in the different parts of the : 


cross section. _ Practically, the same res It can be obtained by using z the average — 


velocity ; and a coefficient which has been evaluated by the integration process 
for the particular velocity distribution: being studied. These coefficients are 
alwa ays greater than unity. woe anyone to be so so o related that for. ordinary | use 


and the coefficient of as 


Uma max 1. 


‘in which €= Some | confusion seems: to: exist a as to ‘whieh 


’ ‘should b be used, as siti is difficult to appraise correctly the factors involved i in such a 
a choice if one is accustomed to the use of formulas based on the mean velocity : 
alone. The purpose of this paper is to explain the -various factors involved - 
and show their proper use. The ‘usual desire is to’ apply some “correction 
coefficient” to the ordinary formula and let that suffice. Although the use 
a is the practical solution, it should be renlined that such a 


volved, ‘and i is in no sense a To understand properly the 1 various 
7 coefficients it will be necessary to consider the fundamental principles involved, 
and to develop the equations for integration. - - This can be done > best by an 


‘illustrative e example for which | purpose ‘the “Bernoulli” ” equation has oy 
chosen. The numerical values of such | coefficients usually from 


_ observations of the velocity distribution in the flow problem being studied or 
from some characteristic of flow which will yield a reasonable approximation « of 


The following fetter ‘symbols, used in this paper, conform essentially to 
American Standard Letter Symbols for Hydraulics,’ prepared | by a 4 


of the American Standards Association , With Society representation and ap- 
. proved by the Association in 1942. Subscripts denoting particular values are 
given at the er end. 
oe A = area, total cross sectional; 7 


a= linear; 
B = bulk or volume (see Eq. 14a); 


coefficient | of flow (Chézy) i in v= 
Ca, Ca = = coefficients of force distribution in energy equation; 


2**Djie Bestimmung der Lage der Energielinie bei fliessenden Gewdssern mit Hilfe des Geochwindig- 
_ _keitshéhen-Ausgleichwertes,” by Th. Rehbock, Der Bauingenieur, No. 15, Vol. 3, August 15, 1922, pp. . 
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= coefficient of e energy distribution = =: 


Coy coefficient of momentum distribution 


force; 
= Darcy coefficient of friction = 
gravitational acceleration; 


ratio of p intensities (see Eqs. 4); 


BE length; length of ‘stream tube or channel betw een sections; 
= 


coefficient of ‘roughness i in the Manning equation; " 


= WwW wetted perimeter; 
ie = pressure per unit area; 
discharge (rate of flow); 


friction slope of momentum grade line; 


the direction of flo flow velocity of fi 7 


time; 
through : a a stream tube; 


mean velocity, Ai 


angle betw een axis of a stream tube and the horizontal, 


mass unit volume = — 


A= “section A” (Fig. 1); 
“section B’ (Fig. 1); 


B= 
-B ween section A and custien B”; 4 


energy equation”; 

“momentum equation” ; 

“normal to the sides of a stream tube” (see E Eqs. 4); 

“pressure’ ; 


g” 


— 
ity t = a 
jon Be: 
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red, 
ang 
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ers 


ra , symbol signifies the average value of the quantity indi- 
‘cated 1 2 ‘Tefer a symbol to stream tubes 1 and 2 (Figs. 1,2), 


Standard textbooks on hydraulics usually demonstrate the the 
Bernoulli equation either by the momentum theorem or by the energy principle, 
although they are not always so labeled. In either case it is usual to assume 
_ that the stream is composed of a bundle of “‘stream tubes” of differential area. 4 
in D cross section. A stream tube may be defined as a small tube bounded by 
a 1 surface which at every point is is tangent to the velocity vector at that point. — 
There is no flow across the bounding surface of ast stream tube. oe (A more correct — 
definition for turbulent flow is that the temporal average ‘of flow across a 
stream tube boundary is zero.) r _ Flow | through the stream tube is then similar 


to flow through a small pipe of varying cross section. ‘The flow through a a single 


stream tube may be analyzed and the resulting differential equation integrated — 
= over the cross section. The basic equation by the momentum theorem or 


energy principle is that of Newton’s second law of motion, F=m a, wherein 


‘4 the substitution a * ary A has been made. The difference between the 
two methods lies in which side of the equation the distance L L is placed. ‘Ifit 


‘is placed « on the right, the momentum becomes: 


wy 
in the form of momentum change per unit time—that is, = =. and 


L — . The « ch, an nge of the momentum with time is equal 
the resultant fo force acting on the 


‘If the distance L is placed on the left the e energy relation i is ; 


which st states 8 that the ch change in kinetic energy is is the Tesult « of work done by the 


: 4 impressed forces. If the change in unit time is ; considered, : as was done for 


4 momentum, and Eq. . 8a is divided by t = an: 


A 


the system be in n equilibrium. 


It is most important to realize the significance of the space of ies: &g 
the distance L as used in the preceding paragraph. In the momentum al " 
tion, L is the length of the stream tube in which the change i in momentum takes § 
place. It may have any value desired but it is the same for every stream tube * 


within the stream. - In the momentum equation the forces are considered to be 


1 

: 

= 
id 

4 
é 
\ 

— 

je 
— 
_Onlv under such a condition 

— 


aa distance (u, if al 8b is used). Since 
‘the velocity distribution i is" nonuniform, u is different for each stream tube. — 
This s makes an extremely co complicated differential equation, integration of 
which does not yield a solution suitable for practical use. _ To simplify the 
| setiiem, most textbook writers assume a uniform distribution of velocity when 
deriving the Bernoulli equation by means of the energy principle. ‘Using this 
assumption, u is the same for each stream tube. The distances through which ~ 
the forces act are thus the same for all stream tubes. The integration then 
~ ean be performed i in the same way as for the momentum equation and the result 
is an. equation identical with that derived from the momentum theorem. a An 
*! equation is thus derived by the > energy principle, based on assumed uniform 
' velocity y distribution, giving the same answer as that detived by the momentum. 
theorem. The result i is an understandable confusion as to w hether to use the 
: coefficient of momentum 1 distribution or the coefficient of energy distribution. - 


Tur Mom ENTUM 


Many ideas a thought of in terms of tla relation are really 


the explanation g given by L. Prandtl. 
The value | of the momentum theorem i is that it contains statements ab about 
conditions : along, the boundaries of a region only. . The internal forces cancel - 
by the principle of action and reaction, when summing over all the masses of 
the system, leaving only the external forces to be considered. Now the change 
in momentum of a mass of fluid which is bounded in any way, and is in steady 
: motion, is due entirely to the fact that the boundaries of the fluid are displaced 
by the motion; every particle of the fluid in the interior is ; replaced by : another — 
“which has taken up its velocity. WwW hat happens at the boundaries may be 
shown in the ease of a stream tube, ‘It is an essential feature of the momentum 
theorem that every individual mass : belonging to the system shall remain in the : 
sy ystem and that no new masses shall enter it. 7 Thus the boundary ‘surfaces | 
drawn for the purpose of applying the theorem are not displaced with the flow; 
they a are “fluid ‘surfaces. ” Hence in in the case of the stream. tube there is a 
mass dm which leaves the downstream end of the stream tube in unit time. 
During the same time, by the Jaw of continuity, an equal mass enters the up-— 
‘$a0 end of the stream tube. | Thus, in unit time the stream tube contributes 7 
= to the total change i in momentum the positive momentum dm UB at the down- 
§ stream end and at the same time the negative ve-momentum dm ua is contributed | 
» at the upstream end. _ These changes | in momentum per | unit time may im- 


: mediately be expressed as forces exerted from outside on the mass of fluid i 


§ question : across the cross sections at the ends of the stream tube. s — 


DEVELOPMENT OF THE MoMENTUM EQuATION 
__ Proceeding now develop the equation of flow according to the momentum 
theorem, consider the channel shown in Fig. 1. The stream can be considered | 


| 


ll ‘**The Physics of Solids and Fluids with Recent Developments,”’ Pt. 2, by L. Prandtl, 1936, p. 223. 
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oe be divided into stream tubes of differential area dA. ‘The change in mo- 
mentum between sections A and B is the result of the external forces. T he 
“pressure force on the upstream. end is DPA dAa, | ‘and on the downstream end i is 
Dp dA. _ Another basic assumption that must be made is that the flow is 
gradually varied. _ With this assumption n the » development ca can be e simplified by by 
letting dAa = dAp = dA without restricting the v variation in velocity. 
(The validity of this assumption is easily shown. Let pa = p+ = p; 
Ay = dA, and dAp =' dA + 5A. In addition to the pressure forces on the — 
ends of the stream tube, there i is also a component in the direction of motion . 
4 of the normal pressure p, on the sides of the stream tube, w hich i is equivalent — 


Pa, 


‘Fre. Atso ENERGY ‘Dracram art = 


Pa and PB can be expressed a: ded k dp. 


J 
The pressure ay arethen: — 
Fy = padAa + Pn oA Ps 


Fy = (p + dp) kép) 8A — p(dA A)... 


A + k op 0. 


The first term of Eq. 4c is the equivalent of the resultant pressure wise as 


tion is the neglect of the term k 5p 6A which, of two differentials 4 

The resultant pressure force is then (pa - — pp)dA. The gravity force | is 
Fe component along the axis of the stream tube of the 1e weight. of the tube, 


7 L — which i isy L L dAs sin 6. in @. In addition t to th the pressure and gravity f forces, 


— 
— 
— 
— 
Lo 
— 
= 
+ 


January, 1944 VELOCITY DISTRIBUTION 


there is the resisting force along the boundary of the stream tube. — 


Inserting the foregoing quantities in Eq. 


— + A +yLdA sine - 
substituting sin 6 and rearr: anging: 


= 


The total stating force Fy, m can now be obtained by tainting the right side 


nid, 


of aha ation with respect to dA. This is the important step. Since 

2) is the height of the w rater surface | above the datum plane, ‘it is the 


pide for all stream tubes. The integration of the first two terms is easily 

a 7 performed. The last two terms cannot be integrated in their present forms. 

% The coefficient for nonuniform distribution of velocity i is now introduced. 
} The term Cn is defined as the coefficient of momentum distribution due to 


Eq. 6: 


+ Cas ot 


‘represent the total stress along the the channel betwen een and B. 
If this force is s replaced by an equivalent negative force on B equal toy Y hy A-B A 
(in which hy i is an expression in terms of “‘loss of head due to friction” of the 
shear at the boundary) the usual form of the Bernoulli equation is poe with 
the velocity distribution coefficients and the friction . term ae 


(P8425). +Cna _¢ 


Instead of replacing F,,m by an equivalent. “loss of head force,” it can be 


stated directly in terms of unit shear at. the boundary, To. . This unit shear is" 


, by means of a a Tesistance 
the ss same : as ~, in w hich f is the feasilier Darey all of friction. 


% The Physics of Solids and Fluids | with Recent Dev velopments, a "Pt. 2 2, by Le Prandtl, 1936, Pp. , 275. 


For the = 
a 
me 
ribu y Is €xpre a 
= (24424) - (2+ A..(7) 
It was shown previously that inte anceled 
.(4a) @ 
(40) 
sump-— 
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The total ‘resisting force m may then be put equal to easiaie as shear at the 


substituting: values from Eq in ond 


“PL (10a) 


ts) 


By mohing the | proper oper substitutions for f in Eq. 10c, the Chézy and Mann- 
are obtained. Substituting = gives the familiar Chézy 


 equation— 
ve 


or substituting f = 900858 Ris giv es ‘the Manning equation— 


Although the s the substitution of f= = is usually regarded as em- 


pirical, it does. not affect the , rationality of the development of the slope term, 


which i is the concern of this p paper. . Likewise it is to be « emphasized that f is 

- coefficient of boundary resistance alone and therefore both C and n are 

coefficients of boundary resistance e alone, and are usually, considered as such. 


The momentum theorem is thus seen to provide a rational method of deriv- 


= 


= the Bernoulli, Chézy, and Manning equations i in a form which is usable and 
the one in which they are usually considered. | The proper velocity-distribution 


coefficient ‘to use in such equations is, therefore, 


This can also be shown i in 1 another and and perhaps 1 more ~— manner, — ‘Tt was 


This force can | be measured | directly with a pitot and is equal to 
dA 44, Therefore, the total force is 


— 


— 
— 
4 
| 
| 
— | 
— | 
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in which Cui is the coefficient. previously | defined. Thus, if one to 
over a cross 8 section with a pitot tube, the ratio of the average height of water 


in the tube, above the free water surface, to the height of water in the tube > 
corresponding to the mean velocity would give the coefficient Cm. ay 


DEVELOPMENT OF THE Enercy Equation 
In contrast to the momentum theorem, the energy principle requires that 
the work done by the forces be evaluated. 7 Work requires motion. The proper | 
- method of applying the energy principle to flowing water is to take a mass of 
water and determine what takes place as work is done upon it. The work done 
* ‘moving the mass a given distance could be computed if the mass moved as" 


a solid body. Since the present concerns nonuniform m velocity, 


tw as: 
ed as” 


ev very other 

tube a velocity. Thus, the internal acting along 
72 the boundaries of the stream tubes do not cancel by action and reaction as in 
the: momentum equation, since there must be residual unbalanced forces —_ 


— 
Qa) 

0c) 
— 
ae ~ ~ ig. 1) and letting the forces act for one second will produce the - — 
ézy | results shown in Fig. 2 rs the 


x 
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“produce the 1 relative motion between the stream tubes. The integration of the 


- differential equation will sum up these unbalanced internal forces as well as a 4 


the external forces and the final equation must con itain some expression 


Proceeding now now to evaluate the terms } in Eq. 3b, the work done by the 


pressure forces i AS Da dA 4 ua — ppdAg UB. Int this case it is not necessary to 4 


specify the »dA, = dAp but the assumption of gradually varied flow must still _ 

be applied. § Since the volume wa must equal dAz ug and may for con- 
venience be expressed as B (bulk « or volume) it follows that the volume in be- 
tween (shaded volume in Fig. 2), although containing different particles of 
water att = 1 than it did at t = 0, has the same energy content throughout the 

period considered. _ Thus the work of the gravity forces can be considered as > 
- that required to move B from the position at dA, UA to the position dAz UB, 
_ which, as far as the gravity forces are concerned, is y B times ; the vertical ¢ com- 
_ ponent of the distance between them Za — Zp. T The resisting f force ce will be be 
expressed | as as dF,,, . and the distance through which it moves is 74_2, ,, the average ge 


velocity in the stream tube. ‘ Similarly : as with the ‘gravity forces, the ¢ change in a 3 


kinetic energy can be expressed as the change i in energy of : ar mass p B being 
moved from a position at t dA, UA toa @ position at Up. these 
quantities in Eq. 3b: 


ren rembering that B 1A 4 = qAp ua: 


+ Za dApup 


up 

ane To integrate ove! over the cross section to obtain the total idling force Paw 
; 3 is necessary to make substitutions. The term C, is defined as the coefficient 


of 9 distribution due to ins distribution of velocity evaluated as 


ee. . Still other substitutions must be made in the case 


of the energy equé equation, however * During the time period from t = 0 tot = =1, 
the original plane cr: cross sections at the ends of the reach have been transformed 
into warped surfaces, and + Z is no longer a constant. As w is likewise - 


“@ a variable, the following substitution is made: = 
‘Da , 


— | 
i 

4 
i 

— 
— 
7 
padAa ta — pp + B (4a — 4p) 

— 
— 
— 

— 

— 

— | 
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By integration, - total we force is ther 


ja) 


of the Bernoulli equation: 


ti is easily seen that s a formula such as Eq. 16¢ is not easily adapted to 
practical solutions of ope open- channel problems since involves internal as well 
as | boundary resistance. It could be argued that the Chézy and Manning 
- equations are purely empirical and therefore the slope could be evaluated by 
means of Eq. 16, substituted in them, and the proper coefficients computed 
empirically. Such ‘coefficients would necessarily be coefficients of internal 
resistance as well as boundary resistance and presumably | could vary as com 
with coefficients of boundary resistance alone. It is if such a 
method would yield practical results. 


CoMPaRISON OF COEFFICIENTS 


nd Eq. 16b is identical in form with the momentum equation (Eq. 7). Itdiffers 7 
in that the coefficients C, are quite different from the coefficients Cm, and the 
additional: “coefficients Ca and Cz are also” present. It must also be realized 
that, although F,,min the momentum equation is the at the boundary 
only, F,,¢ in the energy equation includes that force as well as the resisting 
forces exerted by one stream tube upon another due to their relative motion. — 
It is concluded, therefore, that Eq. 166 i is not suited to practical application. — 
~ Most textbooks on hydraulics which use the en energy - principle to demonstrate — 
the Bernoulli equation assume a uniform distribution of velocity. With this 
_ assumption, in rearranging Eq. 14a one could use B = dAa Va = dAp pail 7 


the distance through which the resisting force moves is V. Likewise, V*4 = ws 

and = can be substituted. The quantity + is now constant 

over the cross section and Eq. 14a 


PAs Vadda — 


+73, 


— 
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which can can n be further substitution: 


= 29 


al en is similar to Eq. 7and — be ‘Sadiedl if Eq. 7 were based on on uniform 
velocity distribution.  Insucha case C , would reduce to 1.00. Since uniform 

4 distribution of v velocity is assumed, the water in all stream tubes moves forward 
together, there is no relative | internal | motion, and therefore F,, e » would be the: 


force at the sammend alone, : as in the case of the momentum equation. — 


SUMMARY 

Ha 


7 aving two identical sti for the flow of water with uniform velocity 
distribution, one based on the 1 momentum theorem and the ¢ other based onthe — 
; energy y principle, it is easy to o understand how differences can arise in working a 
backward to nonuniform velocity distribution. Apparently many engineers 
~ think of the Bernoulli equation as it is normally written as as an energy equation _ 
_ exclusively because it can be obtained using energy principles and assuming — 
uniform velocity distribution. This leads to the desire to correct for non-— 
uniform distribution by introducing the coefficient C.. However, the Bernoulli Zz 
equation i is also a momentum equation and when 80 used the proper coefficient 
for nonuniform velocity « distribution is Cn. ~- it is desired to use the ‘coefficient 
C. it must be realized that the other | coefficients Ca and | Cz must be added and 
that the nature of the resistance F, changes: also. | 


The historical background concerning the confusion of coefficients has been 


presented by B. A. Bakhmeteff, 6 M. Am. Soc. C. E., and the strict hydro- 

dynamical approach was given by G. H. Keulegan’ wm the suggestion of the 

_ writer. The present paper is an attempt to interpret the two references cited 


in terms of demonstrations found in ordinary textbooks. 


6*Coriolis and the Energy Principle in Hydraulics,” b Bakhmeteff, Theodore von 
_ Anniversary Volume, Contributions to Applied Mechanics an Saeleted Subjects, 1941,p.59 


_ 1*Rquation of Motion for the Steady Mean Flow of Water in Open Channels,” by Garbis H. Keulegan, 
Research aper RP1488, Journal of Research, National Bureau of Standards, Vol. 29 29, July, 1942, pp. 97-111. ~~ 
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CONSTRUCTION AND DESIGN -PROBLEMS_ 
By JAMES H. STRATT M. AM. ‘Soc. 
S¥NopsIs” 

‘The procedures i in use by the Corps of Engineers, U U.S. Army, i in the design 
and construction of airfield pavements, are described in this p paper. ‘The design 
_ procedures for heavy airplane wheel | loads having been in use only since the 
beginning of the present war constr uction program, it is too early to forecast 
the ultimate service behavior of airfields of recent construction. 7 _ However, to 


demands - air traffic, the design and construction procedures ape been verified 7 


‘ment. The service ‘performance, under severe oper rating of pave- 


ments designed and con constructed in ‘secordance with these procedures, on the 
whole, has been extremely gratifying. 
who e, as been extreme y gratifying. 


“Criteria for airfield site selection and for grading and clearance of runways, 
taxiways, and : aprons; investigation and test procedures; and airfield drainage 


Military a airplane \ ‘oie loads : adopted by the Corps. of Engineers for pave pave- : 
a men ment design are shown in Table 1. 7 Class IV military airfields are exceptional ; 

a wheel loading of 15,000 Ib 


TABLE —Mnuarany AIRPLANE considered the minimum military design 
Wa Loaps FoR PAVEMENT standard. Loadings greater than 60,000 
lb may be anticipated in the near future, 


Contact Contact 


@bpersain.)} (sq in.) Impact. —That the buoyancy or = | 


370 lift of moving planes markedly reduces 
15,000 rolling im r run 
= ol pact stresses at runway joints 


and eracks is indicated by the excellent 


service performance of runways as com- 


one: to apron and taxiways of the same design . The lesser effect of wing 


5 


buoyancy in ‘reducing such stresses on apron and taxiwa ay ‘concrete pavements 
_ results from the slower rate of plane travel el on these pavements. » 2 eee 


In the. <a ofa ings and taxiways, special allowan ance is made for. vibration 


that landing impact for poe two- wheel landings i is not severe, W whereas one- 
wheel landings result in high impact stresses. s. The generally excellent s¢ service 


1Col., Corps of Engrs., U.S. Army, Arlington, Va. 


the ‘extent permitted by the pressure e of the war construction program and the 
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considered as providing for rolling impact on these pavements. 
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performance of the parts of runways on which most landings o occur indicates 
that landing impact ¢ does not contribute to pavement fail failures. Hence, stresses _ 
due to landing impact are ‘ignored 
Frequency of Loading.—In general, the loading frequency of airfield runws ay 
- pavements is considerably less than on highways, due both to inherent traffic © 
7 limitations of airfields (air saturation) and to the natural traffic distribution 
that results from Telatively greater widths of Tunways ft to 300 ft). 


loadings of when engines: are being w warmed stresses 7 
than those produced by rapidly 1 moving planes. - This has been verified by n no - 
ing the e relatively large increases in deflections of flexible pavements imposed by 
standing airplanes ai and by standing planes, a and slow ly moving planes, w vhen their 
motors are being warmed at high speed (dynamic loading). T The dynamic loa load- 
ing is taken into account in n designing turnarounds, aprons, hardstandings, and 
taxiw ays that are subject to the stresses thus caused. 
‘The dynamic loading i is adjusted by increasing the lendings, in Table ‘ 
; 25% for the design of | turnarounds at the ends of runways, aprons, , hard- 
—- and taxiways subject to normal frequency of use. - ‘This load increase. 
=— a 25% increase in the wheel load distributed over a tire print area (see 
Table 1) which is also increased by 25%. W ‘arming engines on runways is 
exceptional, a nd dynamic loading i is not considered i in runw ay design. 


in design requirements is feasible for certain airfield pavements, 


as stub-end and peripheral taxiways and the pavements of auxiliary and all-over 


fields which are used ( limited operation’’). For flexible | pav 


the spe specified load asstimption is 4 20%. ‘tor rigid pavemertts a higher 
working stress is used. _ Pavements are not designed for both dynamic loading 
(Ww arming of airplane engines) and limited operation, 
a Criteria Governing Selection of Pavement Types. —Serv: vice aprons and hard- © 
standings are subject to the high shearing stresses that occur w hen a plane i is 
turned with locked w heels, and to the action of oil and gasoline dripping : and ; 
| spilling. Since bituminous pavements are unsatisfactory fo for such facilities, as 
well ¢ as for turnarounds at the ends of runwa ays ys (w hich are re subject. to similar 7 
i: shearing stresses) concrete generally is used. Concrete is not warranted 
for hardstandings at temporary airfields. ~ Since reasonable maintenance is 
practicable: and economical, for the most part they are constructed of surface- 
- treated base courses designed for the specified loadings. Ordinarily, stub-end 
_and peripheral taxiways are constructed with surface-treated base courses. = 
Turfing of Airfields —Where climatic and soil conditions permit, runw way a and 
_ taxiway shoulders are turfed to control dust and erosion. © Such turfed runwa ay 
| and taxiway shoulders will support reasonably high loadings under reasonably a 
favorable | ground conditions, and thus will reduce the likelihood of accidents _ 
_ when the shoulders are used inadvertently by planes. | W here turfing is im- 
“practicable or uneconomical, the shoulders are treated with a a dust palliative o of 
a and which distinguishes them from taxiways runways, 
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The of pavements generally is based on the methods of H. 
Westergaard, Am. Soe. C. B. (1)(2)(4)? which contemplate loads applied 

at the | corners, edges, oad the interior of pavement s slabs. The Westergaard 

analysis omits consideration of temperature variations and other influences that. ; 

tend to change the slab volume, effect of edge thickening, effect of local —- 

or soft spots in the subgrade, horizontal components of the reactions’ of the 

4 subgrade, and inertia of pavements and of subgrades. _ However, these factors 

have a direct bearing « on pavement performance, e, and to the degree of their 7 

importance are considered in —— design and construction of airfield rigid | 

‘The design of airfield concrete pavements is a1 an empirical application of the 

; Westergaard formulas for interior slab loadings for large tire imprint. . A design 

; factor is selected to provide a pavement sufficiently thick to withstand the 

7 design stresses at interior corners and under the conditions of load repetition | 

‘normal at military airfields. Typical design curves for the specified allow able — 

working stresses and wheel loads are shown in Fig. 1. After the modulus _ 


(a) CONCRETE WORKING STRES 
400 LB PER SQ IN. 


soil reaction & has been determined, the required thickness of slab, except at 


“free e edges and along longitudinal expansion joints, is taken directly from the 
"design « curves. ‘J of accelerated traffic tests using rubber-tired earth- 


2 Numerals in parentheses, thus: (1), refer to corresponding items in the Bibliography at the end 7 
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~ concrete slabs of various thicknesses placed on subgrades o of various us types, were 


used in selecting the design factors and in checking the design | method. — Airfield 
pavement service performance has verified the design n method , which is being 
checked further by additional traffic and plate bearing — and by 
- observation of the service behavior of rigid airfield pavements. 
Stresses.- —Temperature differences between en the upper. and 
low ver surfaces of of concrete slabs cause warping ; the effect of w arping varies with 
the magnitude of the temperature differential. Midday temperature differ-_ 
entials of 24° Fina 6-i -in. . slab, and of 31° Fina 9- in. slab, have been recorded ; 
in the 1e vicinity « of Washington, D. C. (5) . It is probable that greater differ- 


entials are experienced elsewhere, as, for example, in the southwestern ‘United 


States. ‘Temperature differentials and their effects are discussed by Dean 


| 


Westergaard (6), L. W. Teller, Sr., M. Am. Soc. C. E., and E. C. Sutherland 
(5), E. F. Kelley (7), and R. D. Bradbury, Assoc. M. Am. pees C. E. (8). Mr. 
Bradbury concludes that, for the purpose of design, a 

differential of : F per inch of slab thickness s may be uaaak when the top of 
the slab is warmed by the sun and the bottom is cooled by the ; subgrade. ‘He 
suggests a \ differential of 1° F per inch of slab thickness when, at night, a reverse 


differential pr revail. ‘The: design. differentials proposed Mr. 


summer in vicinity of W were 320 per sq in. for a 6- 


by ] Dean W indicate that “temperature warping stresses may be re- 
duced materially by shortening the slabs. example, for a 10-ft slab 
: - interior lo longitudinal stresses are 66%, and the free edge stresses sses 89%, less less than 
the corresponding stresses in a 20-ft slab. 
es Excessive | warping s stresses are avoided by imposing design limitations on 
slab lengths and by permitting relatively thin slabs for the design loadings when 
_ base courses are used to improve subgrade support. © This i is better practice _ 
- than to place thick slabs directly on subgrades of low bearing capacity. “The 
. _ Telatively low volume of traffic at airfields results in relatively infrequent oc- 


currence of the critical combined stress condition at midday when warping 


Factors rs Affecting Subgrade Support .-—Variations of subgrade reaction as they 
b affect s stresses in a slab are regarded by Dean W estergaard (1) and others as” 
_ This conclusion is based on values of the subgrade — 
moduli ranging hehoom. - = 50 and & = 200 lb per sq in. per in. The bearing 
value of a subgrade is influenced by a number of factors, including variations — 
in the soil moisture resulting from fluctuating ground water, seepage a : 
joints, and capillarity—which induces. ‘condensation 1 at the underside of the 
paving slab—and also subgrade deformation due to loading ¢ and to temperature 


warping. Wary arping of a concrete pavement tends to deform the subgrade, 7 
‘which in in turn affects the magnitude and distribution of the stresses in the pave- 


| 


; 
January, 1944 | 
a 
a 
t 
d 
. 
5 = 
4 
ad = 
= 
le 
— 
— 
rat and probably are considerably less tha a 
| — 
—| 
4 
at 
the 
ii 
is on 


sent, ne of subgrades ‘and the use of compacted base courses to q 
‘improve to develop” uniformity of the subgrade support mitigate these 
= influences, 

_ Highway Procedures for Determining the Subgrade Modulus.—In the design of © 
a highway pavements it is customary to assume a value for the subgrade 
modulus generally ranging from k= 50 to 200, with k = 100 most commonl _ 


assumed | as representing fair average subgrade cc conditions. No method of 
- evaluating the subgrade support for concrete pavement design va been eae 


: In corner-load testing of concrete slabs on a synthetic subgrade of moist clay, F 
M. G. Spangler, M . Am. Soe. ¢ C. E. (9), computed an apparent in initial subgrade | 
modulus of k = 275 corresponding to a deflection of 0.0232 in. maximum, and 

= apparent final value of k = 40 corresponding to a deflection of 0.0620 in. 


Maximum at 400 to - load repetitions. s. This decrease w as s the result of 


duction resulted i in a aaah increase in slab stress of pre 20% to 25%, 
Mr. Spangler, « concurring with Dean Westergaard, concluded that variations 
of subgrade reaction of this magnitude have relatively little effect upon the 
stresses in the slab. 7 . However, he sug; suggests the need for further investigation. 
In: a discussion of Mr. Spangler’ 8 paper, the late Clifford Older, M. Am. Soc. 
observes that warping of slabs ‘under “field conditions will result. in 
permanent ‘subgrade depression, and that this indicates fallacy of using 
stress formulas that are based on the assumption that the subgrade reaction is 
proportional to slab deflection. Mr. Older concludes that test slabs should be 
traffic: tested to confirm the design assumptions - relationships of load, sub- 


grade re reaction, and slab stress. ey 


he Stress increases es accompanying the of subgrade reaction as 
noted in the laboratory by Mr. probably a are less than those 


particularly at joints where has ready access, may bea ofa 
q plastic subgrade soil, or a pumping action with a consequent marked loss A 
_ support at the locations where slab stresses are most critical. Bas courses 


Determination of Subgrade Reaction. —Designs of sirfeld concrete 
“are based on the modulus of soil reaction k / determined by field plate bearing 
tats . Tests to determine & are conducted prior to design, w whenever feasible. 
The pressure of the war construction program has precluded field bearing ob- 
servations and « other required investigations i in n some instances a and, to estimate 
the k values, it has been necessary to use, interpretatively, the results o of fiel: do 
_ plate bearing tests at other sites. aa To represent the subgrade in cut, bearing 
- test areas are stripped of vegetation, scarified, and compacted a at optimum: 
~ moisture to a depth of 6 in. To represent graded fill, test embankments at 
least 30 in. high are constructed with the same compaction control that is used 
in the airfield construction. Where low subgrade support is apparent, base 
courses are placed at selected thicknesses on the Rennes test area (both we 
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grade and base course are repeated sufficiently often to give representative 


values. The results of the plate bearing tests are plotted as stress-deformation 


curves, » and the subgr: ade modulus ky, (and base-eourse modulus) at optimum 
of | ture 18 selected as the slo 
de curve 0.05-in. deflection. value. of ‘the size the 
= | bearing plates (30 i in. in diameter) were selected after a series of bearing oor : 
of traffic load tests. selected deformation tolerance of 0.05 in. for the deter- 


ed | | fee of this ontedies may not be a proper one for all types of subgrades a nor 
- base courses placed on subgrades to improve the pavement support. — 


_ The optimum moisture condition at which the subgrade and base courses _ 
: a placed does not represent the moisture condition after the passage of time. 
To evaluate the ‘subgrade | support that might « obtain as a result of moisture 
| sana, pata in the subgrade, field plate bearing tests were made 
on su bgrades that were saturated after initial testing at optimum. “moisture. ; 


on su 
The results of these e investigations were not satisfactory, and an alternate pro- 
cedure has been adopted tentatively to : adjust for - possible « decrease in ; subgrade 
support due to moisture accumulation. This consists of utilizing the results 
ie laboratory consolidation tests on ‘subgrade. samples compacted at optimum 
~ moisture, and on duplicate samples similarly compacted © which are saturated 
by i immersion prior to testing to represent probable future moisture accumuls a- 
tion and. ‘swelling of the subgrade. © The duplicate sample i is saturated under a 
restraining load representing the we ight of the overlying pavement. The 

adjusted v value of subgrade modulus i is determined by the formula: ei’ 


1 inw hich p is the load intensity on the 30-in. plate that produces a settle-— 
iten ment of 0.05 in.; ps is. the load in pounds per square inch required to con- 
lab, solidate the saturated specimen n to the same extent as the load of intensity Pp. 
of a when applied to an unsaturated laboratory specimen. The adjustment for . 
s of possible subgrade saturation takes into account neither the attendant t remolding 
— of the subgrade, the effects of cyclical sw swelling and shrinkage of the | subgrade, a 
city _ permanent subgrade deformation resulting | from slab w warping | or load applica- 
tion, nor the effects of frost heaving or thawing. 
ents - The - interpretation of plate bearing test results requires the exercise of 
judgment based on experience Ww ith ac accelerated traffic tests and upon observa- 
ible. tion of pavement service p performance for extended periods. Such 

g Ob- 4 tion requires full information on the subgrades, base courses, and concrete which - 
mate 

Geld qT implies extensive laboratory tests of the subgrade, base-course materials, and 
hes - the concrete; on such factors as the effects of subgrade restraint and of changes _ 
inthe subgrade induced by change i in moisture content; the amount and effect 
i al | of temperature war warping and of frost action and thenten: and the effect of slab 7 
dimensions and of stress transfer devices. Wield plate bearing tests are 


| expensive ve and time ‘consuming, and require the mobilization of s such large 
amounts of for embankment construction, compaction, load | 


nd 
of 
‘ 
on. 
as 
h 


_ assumed in highway practice result ir in excessively thick pavements (10 in. to 
14 in.). Such thick slabs obviously are undesirable because of the high- 
temperature stresses that would result. Furthermore, experience hi has town 
that concrete slabs more than 8 in. thick « are inferior i in the lower pi portion, due 7 


to difficulties in vibrating the concrete. 
The excessively thick pavements for Chose I and II airfields ne - 

~ subgrades of low bearing value are avoided by the use of base courses to i improve — 
the support for the pavements. _ High-quality base materials are less | subject 
to the adverse influences which readily deteriorate ‘the st susceptible low- ow 


| 
Class I and II wheel lo: oading of moduli 


a and thus * preserve, to a large degree, w hatever value and “uniformity a 
the subgrades offer. th. Recent plate bearing investigations have dis- 
be 
closed that improvement of the pavement support by use of base courses is not 
4 always evidenced in the values of & as determined by the plate bearing tests. — 


— 


Accelerated traffic tests and pavement service performance, however, demon- 


strate the value of base courses under concrete pavements. ee 
Allowable Working Stresses for Concrete 1 Pavements. Tid or normal operation, 
the allowable w vorking stress of the concrete is determined by dividing the 28- 
"day flexural strength by a . design factor of 1.75. _ This value was chosen after 
; “giving due consideration to warping stresses, effect of f loading at joints, concrete 
fatigue, and increased strength of concrete with a age. For limited operation a 
design factor o of ‘1.40 is used. - Ther results al traffic tests and observations of 


-Tigid pavement serv ice "performance were considered in selecting these design 
Airfield | Concrete Pavement Sections Used by Corps of Engineers. 
of the Corps of Engineers for concrete pavement sections are shown in Fig. 2. 
Edges are thickened only at free si sides and at longitudinal expansion ey 
Where slabs have thickened edges (joints), the shaping ig (troughing) for the 7 
thickened edges results both in material disturbance to the | subgrade or base 
course and in reduction i in base-course 1 thickness, , with resulting reduction i in the 


value of the slab- -supporting Since pavement slab | are 


at edges and corners, it is imperative | that the integrity of the slab support at 


these locations be especially protected. — The shaping of base ase cOUTSes is is par- J 
ticularly difficult, and it is probable that the benefits to be expected from the 
of base courses are realized when | nen the base material is disturbed | to 
thicken the edges. this reason, ‘edges are not thickened at interior joints 
(except at free expansion joints), and adequate stress ‘transfer | 
devices are provided. 
Stress Transfer Across —Observations of paving construction have 
a disclosed the difendlien i in providing high quality concrete at construction keys. 
- Honeycombing due to lack of consolidation by spading and vibration of ‘the 
concrete vitiates the functioning of the keys as devices for stress transfer. 
Messrs. Teller and Sutherland (5) have shown the need for supplemental trans- 
fer devices at key yed joints. _ Their conclusions and the observed poor workman- 
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longitudinal Pes joints are run down the center. Tie bars are placed at 
longitu linal soesied joints in n the paving strips adjacent to longitudinal ex- 


Deflection Tie Bars~ to 15! 


7 20' to 30! 


' 
Spacing 7! 75' to 


DE WITH DOWELED LONGITUDINAL CONSTRUCTION 
Radi ‘ 
q 


Bituminous 
Seal 


wels 3" 


6" Deflection Tie Bars 


on Spaced 30" on Centers Used 
q (oO TRANSVERSE JOINTS Adjacent to the Thickened Edge 
GROOVE JOINT 


‘nd 


16" Butt Joint 


"devices at other joints than those shown in is left 

Joint Spacing. —The e spacing of expansion and contraction joints is is largely — 

a matter for local determination. . The character of the subgrade and base By 

course (including their restraining influences), the cli climate (particularly daily 

temperature rar range), and the season of construction, as is bearing on the question 


of initial shrinkage, are factors that affect the spacing of expansion joints. 


oint Filler of _— 
) (b) (d) LONGITUDINAL LONGITUDINAL AND TRANSVERSE 
TRANSVERSE EXPANSION JOINTS DUMMY GROOVE JOINTS 


— 
| 3s 
ship at keys hav airfield 
o -.6h6©*© _ The widths of pavement strips range gencrally from 20 ft to 30 ft, the present: ae 
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Longitudinal expansion joints are laid out generally at intervals of 75 ft to 
100 ft, and for widths of 100 ft or less no longitudinal expansion joints are re- 


quired. + ‘Transverse expansion joints are at intervals of 50 ft to 120 ft depending 
on the judgment of the distriet engineer. Transverse expansion joints ar — 


- equipped with dowels that have been painted, greased, and capped at one end 


_ Transverse contraction (dummy groove) joints are at intervals of 10 to 25 


e ft, most pavements having spacings of less than 20 ft. _ The likelihood of high 
- warping stresses due to temperature differentials has an import tant bearing on 


the spacing of transverse joints, and the the practice is to use short slabs where the 


Construction of Concrete Pavements.— —A well- prepared rigid pavement design 
“may be vitiated by carelessness or improper > construction, and emphasis is” 
placed on the quality of subgrade and base-course construction; protection at 


the prepared subgrade, mee courses, and the concrete > during the construction 


and adequate curing of the concrete. or thick slabs there i is smeed 

‘for improvement in placement methods. _ Alternate lane construction of i 

; Bing airfield pavements is conducive to serious disturbance to the subgrade by 
the operation of construction equipment and by ponding | of rain water on the 

subgrade between ‘completed strips. the other hand, in 

cessive e lane construction serious cracking ha has resulted from the operation of | ki: 


paving g machines 1 mounted at one end on previously placed concrete which has | 


not gained sufficient strength to support the paving-machine load . The 
¢ latter procedure is preferred, however, and the construction s schedule i is estab- 
a lished, where feasible, to permit proper aging of the concrete before imposing 
r. ag curing is highly important anc and construction ion instructions emphasize 
the need for protecting the concrete to avoid the adverse effects of temperature 
_ warping b before strength gain is is sufficient to resist warping - stresses. : 
Because of the war shortage, s steel reinforcement has been omitted from rom the 
_ Summary of Factors. Affecting the Design of Concrete Pavements. —Load, tem- 
a warping, and subgrade reaction are the principal factors affecting the. 
stress condition of concrete pavement slabs - Byi improving the slab support 
‘through the use of base courses it is possible to reduce the theoretical stresses 
from airplane wheel loadings to values which are commonly accepted in in highway 
‘Practice, and to keep slab t thicknesses to dimensions that at obviate excessively 3 
7 _ Subgrades deteriorate and lose their. supporting value as a result of moisture 
: ~ accumulation a and remolding of the s subgrade soil or because of deformation 
to loading and to temperature arping. This degradation of the subgrade 
results i in cracking of the overlying pavement. — Base courses which improve 
oom _ the support f for rigid pavements insulate the underlying one against the 
adverse influences to which many a are re highly designed 


base courses are highly resistant thane same influences 
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wide’ variety of ay aggregate types suitable for bituminous pavements often 
permits economies through the use of local materials. The so- -called “ “low type 
2 flexible pavements” is generally unsuitable for military airfields, except for 
4 traffic: facilities “used infrequently. Central hot-plant. bituminous ‘concrete 
construction is is preferred fc for | pavements: subject to normal use. 
Flexible pavement construction for airfields (10) generally requires. base 
courses to distribute stresses to the subgrade. The various formulas in vogue — 4 
for determining the combined thickness of base ‘course and pavement required 
for a specified loading generally depend on a rating of the subgrade ited 


fields, on basis of at deflections con- 

; sidered d acceptable, are not satisfactory for present-day airplane loadings. — 
has: been found infeasible to fix a maximum value for the deflection teleesnee . 
“that would be applicable in rating subgrades of various soil soil types for flexible - 
"pavement design. ~ Moreover, the effects of moisture change, rate of load appli- 


‘stress repetition, and frost heaving and cannot be 


of plate heating ‘testa with the service e performance paven: cents on a wide 
variety of subgrades. | These facts led to the consideration of other design: 


methods. 


California State Highway Department: “Method of Design- e stan lard 

method of of design adopted by the California State | Highway Department (13). 

has been. accepted for the design of flexible pavements at airfields. - To extend 
the experience , gained in California to the loadings required for airfield pave- 
ments, the design curves for wheel loadings in excess of 12,000 |b, shown in 
Fig. 3, were prepared by the en; engineering staff of the Chief of Engineers. based Pd 
upon its design, construction, and operating experience and with the advice 
and assistance of O. J. Porter and Arthur Casagrande, Members, Am. Soc. C. E. 

A series of accelerated traffic tests on pavements \ with varying thicknesses of 
dase courses, founded on several distinctive types of subgrades to represent the 
“range of ‘subgrade soil types w which ‘might be encountered, resulted in substantial 
confirmation of the design lei tentatively established for wheel loadings in 
excess of 12 000 lb, 
As the result “an more recent accelerated traffic tests to determine the rela-_ - 
tionship of the values of the California bearing ratio (CBR) to required | com-— 
bined thicknesses of pavements an and base courses, the curves have been revised 

in the range covering cohesionless subgrades to reduce the ee: nl 

= Evaluation of Subgrade.—The CBR of a a subgrade soil is its relative stability — 
as : determined by an 1 arbitrary penetration test and is expressed as a percentage 
of the stability value of a selected crushed stone. The penetration values for 
the crushed stone have been established. | The CBR of a ee is es by 
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forcing a circular piston, 3 sq i in. in area, into the subgrade soil in ina cylindrical 


‘mold at the ond ‘moisture conditions to be expected after the 
passage of time a as a result of moisture accumulation, and noting its load q 
formation characteristics. The Procedure has been fully described by Mr. 
Porter (11). It is applicable to highway construction methods used in the 


State of California and to conditions and soils i in 1 that state. ee ee 


Inconsistent. test results on certain of the m many types of soils encountered 


~ have made it necessary to modify the California test procedure to i insure repre- 
- sentative results consistent with the ¢ character of the construction. As more 


tests are performed, it may be necessary to alter further the CBR test pro- 


Wheei Load, in ed Minimum 


Lis 


California ) Bearing Ratio (CB BR), ‘in in Percentage 
FOR THE Tentative DESIGN OF FLEXIBLE PAVEMENTS (CALIFORNIA METHOD) 


Instead of compacting alte in the test mold under a load of 2 ,000 Ib per sq 
in. (termed static load), as in the California method, it has been found ad- 


—_ to tamp the soil in the test mold as is done i in laboratory testing for 


_ density a nd moisture control for field compaction. 1 _ The control test for most 
‘soils i is a modification of the well-known Proctor test. The densities of some 
soils when | mae by the static load vary as touch as 10% from the densi- 
some soils pot A in nonuniform densities or a crust-like surface condition in 
_ the upper zone. — This is the part of the specimen which is penetrated by the 
“test piston, and the effects influence the CBR test ee 
a ‘ Adoption of a tamper similar to the Proctor tamper, to compact the soil in 
“4 the CBR test mold, has led to other modifications i in the testing procedure and 


also in the testing equipment. - Bince th the CBR test results are greatly affected 
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to facilitate the mold and p penetrating ng the end of 
the sample, which is relatively smooth, free of crusts, and of relatively uni- 


For some soils the California method of soaking the CBR test specimen to 
represent the density and moisture conditions t that may obtain in n the sub-— ub- — = 


od 7 grade a after the passage e of time results in a very soft, , mushy testing surface. 
: This condition is is prejudicial | to the results of the CBR test and is not repre- 
sentative of the actual subgrade 1 moisture and density conditions. Soils of 
this type now are soaked by permitting the water to rise from the bottom until 


ceases, or until free water appears on the surface. 
Tests of granular materials i in accordance with the original procedure give 
- CBR values which result in excessive base thickness requirements. The 
; weight of the annular ring that encircles the piston when it penetrates the soil = 
- sample, and which is used to represent the confining effect of the —es 


base and pavement, has been increased to represent the restraining effects of 

the overlying b: base and pavement material. 

The value of the CBR method of design lies in the correlation with | pave- 7 
ment performance by t the California Highway Department over a period of 
‘thirteen years for the range of loadings common to highway practice, and 

- with the results of accelerated traffic tests conducted by the Corps of — 


"with loadings comparable to. those of present- -day airplanes (see Table 1). 7 


a Incomplete laboratory te tests in process sugg zest the following tentative con- 


_— 


(a) The moisture content of low to medium plastic soils” at the time of 


compaction in the test mold affects the CBR. decreases with in- 
On A change i in density affects the CBR value for most cohesionless- aa 


(©) Th The may magnitude of t the penetration 1 surcharge (annular: ring) has a 

ll om —(@d) ~The CBR i is increased for some ‘soils if the length of the sample i is 


an) Erratic CBR values result from testing soils containing a high amt 


| ad- age of particles greater than } in. in size. It i It is considered necessary to ) make 
0 Design for Capacity and Limited 1 Operation .—The required combined thick- 


) ness of pavement and base course, based on the CBR test of the subgrade soil, | 
s taken from Fig. 3 unless an additional thickness of base course is needed to 
insulate the subgrade against frost, action. The CBR method of design” is 

based on the performance of flexible highway pavements under a wide variety 
conditions over a of years. ‘The combined thickness of base. course 
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a “(exept frost action) which tend to decrease ‘the stability o of the : subgrade ma- 

_ terial. ‘The total combined thickness ¢ given by Fig. 3 is used for capacity r opera- 
tion, but for pavements | subject to limited operation i it is reduced by 20%. 7 | 
Where field compaction of the subgrade is impracticable or inadvisable, o oll 
where unusually weak strata underlie the compacted subgrade layer, the CBI 

tests are conducted on undisturbed subgrade samples. The effects of s¢ — 
tion non uncompacted su subgrade are determined by tests on 


‘economical if materials with high CBR are costly to p process san be — 
ported from more distant sources. — _ The required combined thickness of base 


material and pavement above any given base-course layer depends upon the 
— CBR of the base-course layer. er and may be de determined from Fig. 3. If the amend 


course is | designed for several layer ers of ‘material, the e economic thickness of 
each layer is determined. Ifa material of high bearing value is used for the 
full depth of base a lesser thickness is required than if lower CBR. material i is 
used in the lower portions of the base. Ii If this opinion ‘is verified | by fi further 


= B tests, this fact will permit a change in the CBR design curves. _ Oo 
; ae The base course directly under the pavement should be sufficiently stable 
- ‘to withstand the high stresses produced i in the zone directly under the wheel 
of a plane. The required stability depends 1 ipon the type and thickness of 
pavement, the action and effect of a moving or skidding w heel, the type of 


Plane, ,ete., and cannot be determined by Ki ig. 3. highwa ay pavements 


4 have a a CBR of at 80% Preliminary ‘disclose that 
materials of low er CBR pheeage under airfield pavements \ Ww ould tea give 


10, 000 to 30,000....... 


= 


—The | cross section of, a bituminous pavement may 
7 comprise eels courses, 5, depending on the total thickness required, ¢ economic — 
of materials, practical construction limitations, the possibility of stag ge 
development of of the airfield, etc. — Pavement thicknesses are e designed with a 
surface course, 0 or surface and binder co courses, to resist displacement and shear 
under the > design wheel loads, giving consideration to the | type of bituminous 


‘material used. _ Pevemunt thicknesses are not less than 1.5 i in., for wheel loads 
up to 15, 000 It Ib, —_ not less than 3 in. ., for wheel loads up to 37, 000 lb. For 


me 
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— a CBR of 80% is not available locally, and transportation facilities are inade- 

1 aa quate for importing suitable material, the requirements for the top 6 in. of © 

ely established as follows: 

= mum allowable CBR 

npper base material 

74,000 ti 

ee 7 Recent investigations refute the results of the preliminary tests and indicate | 

Seed that material of less than 80% CBR should not be used directly under _pave- 

ments when the syuhorade coil ic nlactio 
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sistance to water ‘absorption and raveling under traffic, and is achieved by the | 
proper gradation of aggregates, thorough mixing with the bitumen, and thor- ~% 
ough compaction to produce a low void ratio. Bituminous surfaces are com- 
pacted from 90% to 95% of the theoretical maximum density, depending on 
the type. . Grades « of bitumen are selected which will remain soft and pliable. 
and will promote healing of of incipient ¢ cracks induced by weathering and and wear, 
without benefit of a substantial amount of traffic kneading. a a 
_ The non- -skid | requirements for Tunway surfaces : are less important than for 
highway s surfaces, because of the primary difference in ty pe of traffic, aline- 
ment, and grades. Pavements with rough surface textures provided by the 
coarse graded mixtures, which have been widely favored for highways because _ 
of their high non-skid properties, are not needed for ruaw ays, and are unde- 
sirable from the standpoint of excessive tire wear. The reasonably fine- 

ion gritty texture produced by coarse sand or small stone chips, gravel, 


or crushed slag, used as cover aggregate for seal coats, is desirable for runways. 


ax Box Bonnow I INVESTIGATIONS 


on of the w ater table, and soil profiles, or to provide representative a 
samples for testing. The subgrade soil s survey is s extended to a depth equal to 
at least twice the equivalent diameter of the tire contact area, but in no case 
less | than the maximum depth of frost penetration or less than 4 * below the 
final elevation of grading at each point w here grading is required. — ee : 
_ Laboratory tests on subgrade soil samples include analy: sisand 


‘expansion, , permeability, and ‘ed. ‘Sheer ‘strength con- 


solidation tests are made if the nt is to supported on embankment 


(12). Local classification often is used to this general classification, 
where it is necessary to describe the soil adequately. — se 


Compaction of soils is controlled, wherever applicable, by the AASHO 
=e (American Association of State Highway Officials) modified as | follows 
to give densities comparable to those obtained by specified field compaction _ 
"4 _ equipment: : Th he weight of the rammer or metal tamper is 10 Ibi instead of 5. _ 
tbs the tamper is dropped from a height of 18 in. above the sample instead of 
' 12in.; and the samples are compacted in five equal (approximately 1-in.) layers’ 


instead of three layers. The densities of some cohesionless sands and gravels 

as obtained by the Modified A AASHO Method often are not representative of | 
_ obtainable field densities, and the control ol specimens: of such soils usually are 
compacted by tamping, static pressure, or vibration alone or in combination. 
Fills constructed i in 9-in. - layers, loose measurement, and compacted to at 


90% of the maximum unit w at optimum moisture, except that di- 


| 
wheel loads exceeding 37,000 lb the thicknesses are designed in accordance with 
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rectly beneath the base course or pavement where a base course is r not provided, | |! 
the subgrade is compacted to at least 95% of the maximum unit weight dl ; 4 
optimum moisture, for a depth of not less than 6 in. Incut areas most subgrade 
soils are scarified and recompacted s so the unit weight of the top 6 in. is at | least [ - 
95% of the maximum unit weight at optimum moisture. - Scarifying, 1 rework- 
ing, and compacting certain types of clay soils often result in lowering the f 
bearing value below that of the natural clay in place. For this type eof ma- | t 
terial, tests are made to determine the relative bearing values of recom-_ 
B ecern soil and of the undisturbed soil; and, if the undisturbed soil has the higher — t 
bearing value, construction operations are conducted to produce the least t 
possible disturbance of th the subgrade. a 
Trearwenr Soins wITH EXPANSIVE CHARACTERISTICS a 
Natural subgrades | with exp expansive characteristics are compacted at a mois- | 1 
‘ture e content, not ot necessarily t the optimum moisture, to a unit weight which will a 
minimize expansion. ‘The selected moisture content and ‘unit weight are a 
_ approximately e equal to those of an expanded sample after the soil has been Tf 
PAVEMENT DESIGN FOR or Frost Action t 
“The stabi stability one ‘soils is greatly | reduced by frost action, the loss of 
' ‘stability : and extent of heave depending upon the type of soil and the drainage t 
conditions. Several investigators have established limiting grain-size curves 
defining the boundary | between frost- action and nonfrost-action soils for uniform . d 
grading, The most generally accepted method of i insuring pavement or base- 
course stability over a potential frost- action soil is to provide sufficient thickness — ; a 
of insulating material . Where the required thickness of base-course material — 
as determined by CBR i is not sufficient to preclude frost penetration in the — t 
4 h 
7 subgrade, ‘additional thickness of insulating material often is required. In m 
general, to insure stability of flexible pavements and surface-treated bases, the &. 
combined thickness of pavement and base material not subject to frost action | ; ’ 
is made equal to. the average depth of frost penetration as ‘determined from t 


Wide varieties of gravels, base-course materials, sands, and gravelly and 7 


sandy soils as well as crushed rock, shell, caliche, etc., are used alone or blended 
to ) provide base courses. _ Processing by er crushing : and screening often is required : 


_ Where crushed gravel or stone is used for base courses directly under con- 

- erete p pavements, a reasonably smooth top surface of base course is provided * 
_Teduce 1 restraint to pavement. Base-course m materials sometimes 
“stabilized v with commercial admixtures such as portland cement, cut-back 

| _asphalts, emulsified asphalts, and tars. Such admixtures are most a | 
tageous with relatively sandy or friable soils. wd. 
_ Al base courses are ‘compacted to the maximum density obtainable with — 
field equipment. If the Modified AASHO Method i ‘is 
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@ plicable, the ba base course is compacted to at | least 95% of of the maximum density a 
at optimum moisture content. 


SPECIAL INVESTIGATION OF AIRFIELD ‘PAVEMENTS 
Various tests and investigations have been made by the Corps of Engineers 

for the purpose ¢ of i f improving design a and construction methods. — Procedures for 7 
7 the investigations and tests wave devised to determine conclusions which might. 
be applied to the current construction program. a he investigations fall into | 
- three categories: Laboratory tests, field bearing tests, and accelerated traffic 7 
tests using rubber- tired earth- hauling equipment. with wheel. weights com- 
parable to the airplane wheel loadings gi Tablel. 
e to the airplane wheel loadings given in Table 

Laboratory I nvestigations. —The special laboratory investigations comprised 
all the routine tests ordinarily made for site selection and pavement design. 

The extensive use of the CBR test soon disclosed that the results are influenced — 

by sample density; variation in density of the sample; moisture condition < 
~ sample; method of saturating sample to represent moisture conditions that ma 
result i in the subgrade after the passage of time; weight of the annular surcharge 

“teed to represent the confining effects of the overlying pavement. and ne 

course; rate of penetration. Although considerable laboratory investiga- 


aaleitiin of these variables, the results have not been fully | correlated with 


A 
the service performance of flexible pavements. 
7 _ Field Bearing Test. —A large. number of plate bearing tests were made to 
_ develop the design method for flexible pavements and tod develop a satisfactory — 
aerpagr for determining ‘the modulus of ‘subgrade reaction which could be 
sed i in the design of concrete pavements. 
The investigation of design methods for flexible pa pavements included plate 
bearing tests on subgrades, pavements, ‘Special test. sections, and on actual 
_ highways in use for several years. — It was concluded that the s supporting wower 
= of subgrades could not be evaluated by plate bearing tests which, for vg 4 7 


ation, | predicate ‘a universal: value of allowable deformation for all 
of soil. Various values of allowable deformation, ranging from 0.1 in. 


test the point at wv which the rate of deformation is under load 
application. = his would correspond to the yield point on the stress-deformation 2 
¢ curve. Fi ig. 4isa typical stress-deformation curve obtained by a plate bearing 7 
test. The yield point, as can be ‘Seen | by the curve, is not definite, but. can be 
seneuad to be at the point indicated. For this par particular test, a bearing value 
“between 15.5 lb per sq in. and 40 lb per sq in. will result if the usual assumptions 
ee These studies indicate that the bearing value probably could be selected at 
some value for the deflection (deformation) less less than that at t the yield point. 
- How ever, various factors, including moisture e condition and density of the sub- 
grade soil at the time of testing, and the effects of moisture change, stress 


repetition, ‘and other influences on the behavior of each subgrade » wader in- 
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vestigation, present complications i in the selection of a value for the allowable - 
deformation which, in each instance , would represent an evaluation of these 
influences on the ‘supporting: capacity of the subgrade. Small promise of a 
satisfactory solution was offered by a general investigation of the plate bearing 


‘method of rating subgrades with the view of establishing a satisfactory design 


_ procedure. _ Moreover, the pressure of the war construction program made 


Plate bearing tests were made t to determine t the relation of the area of the 
- to the bearing value of the subgrade (see Fig. 5). The results agree 


with those other investigators and show that, for all prac- 


greater than 30 in. To eliminate the effect of area, a cireular plate 30 in. in 
diameter was ‘selected to determine the modulus of soll reaction for the design | 
7 of concrete pavement. 


“Fra. —EquipMent FOR ACCELERATED TRAFFIC TESTS WITH WHEEL 
Loans oF 37,000 Le To 60,000 Ls 


Accelerated Trafic Tests. —Fig. 6 is a picture of the earth- 
~ hauling equipment which is is being t used to produce traffic wheel loads from 37, 000 


lb to 60,000 lb. Smaller equipment similar to this is used to produce loads of 

15,000 Ib to 30, 000 lb. ortunately, the tire imprint of such equipment is 

- practically e equal to that of airplane tires ¢ carrying similar loads. This type of 

‘equipment is used in making accelerated traffic tests of specially constructed 

— test sections of both flexible and concrete pavements and also of actual airport — 

‘The severity of the accelerated traffic test with respect to fatigue 

in the concrete pavements, and the rapidity of the repetitions of stress in the 

tests on both rigid and flexible pavements, : as compared to the frequency of 

| dae occurrence under service » conditions, must be weighed in evaluating the — 
‘fe is Fig. 7 is a cross section of an embankment ‘constructed for testing CBR 
design procedures for flexible pavements. This type of construction permits 
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- economies and insures a uniform subgrade condition. On such a test section 

“deflection measurements were made with planes standing, with planes moving 
Pe at slow rates with engines turning at high rates, and with planes standing with 7 

"engines revolving at high rates to represent the co condition of engine warming. 
For the results of testing « one such flexible pavement embankment, reference is = 


made to the Stockton Test Report (3). wi 


Tumaround 


275! - 


int he traffic test the selection. of the number of Ww wheel coverages 


. represent the action | of airplane traffic for the full life of a pavement must 
be based on judgment. A minimum of 3,000 to 5,000 coverages with the design : 
- wheel loading « over every part of a test ; strip 5 ft to 8 ft wide on flexible pave- 
ments and a a minimum um of 10 ft “— on | concrete pavements have been selected ; 


OF EXISTING AIRFIELD PAVEMENTS 


he i increasing number of a demand for 
a of greater load capacity. In some instances this demand has s required oa 
i forcement of existing pavements to take heavier loads than were -e contemplated 
in the original designs. Accelerated traffic tests have been an invaluable aid in 
evaluating the capabilities of such pavements. — = 
Existing pavements are reinforced and pavements that have failed are re- 
- built usually by overlay construction, which involves the use of bituminous 
| Pavements, or concrete on concrete or bituminous pavements. . WwW here concrete 
a is laid on concrete, an intermediate slippage course of fi in. to 2 in. of bituminous 
- stabilized sand is used. ‘The joints and joint spacing ; of the overlay concrete 


pavement are made to correspond, as far as practicable, with the joints of the 

or 
_ There has been a gradual development of ‘airfield drainage from the era of 

the early turfed field relying entirely on the existing natural drainage features, 
pence the period of combination storm and subsurface drains in stone-filled 

trenches along runway pavements, to the present use of separate storm and 
subsurface drainage systems with the surface runoff modulated by — 
‘ponding. ‘These changes | in design have been necessitated largely by the 
exacting re requirements of military operations as described by Mr. anny 
in the companion n paper er of this Symposium. 
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airfield facilities, undue saturation of the st subsoil, or seniticent interruption of 

normal traffic. Furthermore, the drainage must be so designed that storms ; 
oe than the design storm will not cause undue damage or me interrup- 

: A drainage system plan for a typical airfield i is shown i in Fig. 8(a). For 
economy i in drainage installation there should be a proper relationship between 


the grading plans and the drainage design to obtain the maximum | use of © 


Depending | on the functional | requirements of f the airfield, s storm drainage 
systems usually are , designed to remove runoff from rainfall having : a certain 
average frequency of occurrence. . The infiltration capacity e: estimated to be 
characteristic of a given soil following a rainfall of one hour serves as the most 7 


convenient index to the probable volume of loss through infiltration during the 


designstorm, 


Subsurface Drainage Systems.—Subsurface drainage frequently can be | elimi- 
‘nated by providing : an n adequate an and properly designed surface drainage system. .. 
~ However, \ where the ground water is above the frost line or causes soft, boggy 
_ conditions i in areas where soil stability i is s required, subsurface dr drainage is neces-— 

sary. 7 Two principal types of subsurface drain installations are encountered, — 
the more frequent being a single | line of drains adjacent to either side of the . 
| runway pavement and so constructed : as to drain the pavement base courses 
and (see Fig. The second | type of ini installation consists of a 
stem of drains, ‘not unlike a farm tile drainage system. 


The design of a subsurface drainage system is a very approximate procedure 


_ based largely on the judgment of the engineer, 
ed : % Failures i in the operation of combined storm and subsurface drainage sys- 
that surface runoff cannot backflow into the su 
‘saturation of of pavement courses and subgrades, 
Collectors on pavements are used only” to handle the melt of heavy 
ete ‘cumulations of snow ‘Stacked at the ‘edges of runways. The design of such a 

ous ‘collector system i is shown in Fig. 8(c), the connection being made directly : to the 
ete storm drains along” the edge of the landing ‘strip, | either at a manhole or by a © 

the special tee in the line. — Ibis imperative that this type of collection sy system shall — “ 
mf - contribute to the moisture accumulation i in the subgrade and base course. i 
a of _A Airfield sites are e selected by the the gig tub Department i in n close coordination 
res, ents 
led 
and of including wheel load and other. affecting the design 
sled = of f runways, the size of of parking areas, , hangars, etc.; and (2) type of unit to = 
the accommodated (bomber, fighter, or r other) whose different operating — 
way demand different facilities. Upon th these items are b based the number, direction, 


and dimensions of runways, , taxiways, parking aprons, hardstandings, and other 


— 
ge system.must be adequate 
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facilities. 
varies between 1, 000 500 and pt propo por- 
tionally more for dispersed adds. To accommodate constantly increasing de- 
mands of new equipment, all new stations are planned with a view to expansion 
; of housing and airplane landing and parking facilities. — «4 
Two other main factors influencing site selection and design of airfield lay- 
outs are the physical condition of the site and provisions for safety. Cross- 
wind velocities as great as ten miles per hour do not seriously affect t the landing 
or taking off of military, aircraft, but winds of gr reater velocity. present : serious 
problems 1 unless the aircraft ean b be landed or taken off within ¢ approximately, 
223° of the wind. For this | reason, W hen laying out runways it is necessary to 
accurate wind information and to interpret. it correctly. Although flat 
~ terrain is ideal for aircraft operations, it often presents drainage problems that 
: 7 ean be solved only by a compromise between the flatness required for aircraft 
operation and the slopes required for proper drainage. must be ace 
_ complished with a minimum of grading to conserve time, cost, and use of | 
critical equipment. In the choice of a site and i in the design of the airfield, the 
topography of sercunding: areas is considered with a view to permitting ner 
approaches to all runways and future ‘expansion of initial facilities without 
excessive additional cost of grading | or land acquisition. a 


aN AIRFIELD 


(STEM FOR 


and prepared landing strips are trapesoidal a areas tw miles 500° 
ft wide at the e inner end, - 4,000 ft w wide at the other end, and symmetrical about. 
the extended axis of the runway or landing strip. WwW ithin these limits all 
obstacles are cleared which would project chews plane. sloping upward « at the 
rate of 40 horizontal to 1 vertical, except at certain types of schools and auxiliary 
fields where a 1 on 30 plane applies. 4 Wherever a clear zone is required, the 
approach zone begins at its outer | limit; otherwise, it begins at the end of the 
runway orlanding strip. 
“a Fundamental regulations for the design of roadways, clear zones, and ap-— 
proach zones are shown diagrammatically i in Fig. 10. Except at auxiliary fields 
and at certain n special-p purpose airfields, a clear zone usually is required at either | 
end of the r runway or r landing strip, and extends 1 ,000 ft in the direction of the 
center line of the runwa ay or landing ‘strip 
Lateral clearances from runway center lines, | taxiways, “aprons, and hard- 
standings to movable objects (aircraft, \ vehicles, railway ca cars, ete. ) and to fixed 
7 obstacles (buildings, trees, Tocks, and terrain irregularities) a are prescribed _ 


1 


qt Fig. 10) to onsen the elimination of all objects that may constitute hazards to 
safety of aircraft. Buildings: are not permitted between the ends of 
ways and the boundary of the reservation in the area extending 750 ft each 
‘side of the runway center line prolonged, even though such buildings would not © 


RAINAGE LAYOUT 


project above the e approach planeoflon40, 
= Layout, Dimensions, and Grades « of Runways. -—Where practicable, runways 
are laid out to make either 90° or 45° angles with one another, permitting land- — 

ings and take-offs within 223° of a any ‘prevailing wind. Runwa ays s usually 


(a) D 
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oriented with the. principal directions, but this may be varied to decrease . 
~ - the amount of grading required, to permit clear clear approach, or to aline runways" 
in directions best suited to future -cextension. 
Current prescribed dimensions for runways call for 7,000-ft length at sea 

- level, of which only 5,000 ft is initially graded and paved, the remaining 1,000 
ft at either end constituting the clear zone. The normal width is 500 ft of 
graded area, which the center 150-ft strip is ft. 


No New Buildings Permitted 
Within 750! of Center Line of Any 


Clear Zone~ 


Restriction 


, 


‘shoulders on on either side of the e paved strip > are authorized. For every 1,000 ft 
above sea level, runway length i is increased 500 ft. 


ie Maximum allowable grades are as follows: For ru runways, 1.5% longitudinal 

and transverse; for turfed all-over fields, 3% in any direction (except where the 
field i is included within a runway field, when 1.5% in any direction applies); 
and, for surfaced all-over ‘fields, 5%. When runways are designated for 
120,000-lb gross load, is 1% 


although 0. 5% i is preferred. 
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TRANSVERSE SECTION X-X" 


“a 

| Grade 15% Natural Grade 
Pavement ~ 


1500' C 


LONGITUDINAL SECTION 


TRANSVERSE SECTION, yr 


Clear Zone 


Maximum —_ 


= Approach 
1 on 40 Slope 


— Intersection 
~—_—— of Clear Zone and 


SECTION 


(©) TERRAIN IN REQUIRING FILL 4 LONGITUDINAL SECTION 


NREMENTS 
A Strip - Graded Area Smooth Graded Compacted and Turfed. M Maximum 


1000" Strip, (Ground Loop Area) Longitudinal Grade 1.5% Maximum Transverse 


1 500' Strip, (Safety Clearance Zone) No Fixed - Maximum Longitudinal Grade 1 5% 
Obstacles (Buildings, Trees, Rocks or Terrain 
Irregularities) Which Constitute | Hazards to 
Safe Operation of Aircraft. j 
No Obstacles, Natural or Artificial, High Rough Graded - To Slope of 


Enough to Protrude Into the Approach Grade All Excavated Areas 
Path, Permitted in the Approach Zone 


-10.—REGULATIONS FOR THE DESIGN or CLEAR ZONES, AND APPROACH 


| 
00 ft 
final | 
ies) 
d for 


TARY AIRFIELDS 
- Grade change tolerances are illustrated in Fig. 11. The m minimum distance 
betw een points of intersection (P.I.) at grade changes is 1,000 ft. Parts of a 
runway having different longitudinal grades are joined by a a vertical curve eat 


least 666 ft long for each p per cent of the algebraic difference between the two o- 
grades. This relationship is maintained for a distance of at least 150 ft from 


center line of the runway. Runways are graded for unobstructed visibility 
_ between any two points 10 ft above the surface of the runway. | If the runway Gg 


is longer than 7 ,000 ft, clear visibility i is maintained between any two ‘points 
ft above the surface and 7,000 ft 


Graded Area Runway Shoulder | Graded Area 


M 


LONGITUDINAL SECTIONS 
SHOWING THREE €) EXAMPLES OF PERMISSIBLE GRADE CHANGES 


Edge 0 of Graded Strip = 


Maximum Tr Transverse Grade ¥ Y= = 2%; in X X= 5% 
Longitudinal Grade Changes in Area x { 
Longitudinal Grade in Area | Maximum Algebraic Difference = 2% 
at Edge of Graded Strip (Minimum Curve = 300" (Minimum Distance P.I’s. =300' 


Fia. —PERMISSIBLE GRADE CHaNazs FoR RUNWAYS 


Airplane Parking Areas. .—Although frequently it is feasible to park aircraft 

on turf, the wear resulting from traffic, propeller blasts, and spillage of oil and 
_ gasoline, often ‘renders the turf unusable, and paved parking spaces are neces- 
sary. Parking sp: spaces usually a are large aprons in . the vicinity of maintenance 
“and repair facilities; how ever, individual hardstandings 8 sometimes are are provided 


_ Where conditions permit, the parking apron i is placed parallel to the runway 
_ upon which the greatest volume of traffic is anticipated, thus shortening the. 


Minimum Between P.l's. = 1000' 
Minimum Vertical Curve = 666' per Each 19, Algebraic Difference 


we 


from the control tower r. The m maximum allowable grade o on aprons is 1. 5% in 
any direction. At hardstandings, a small servicing apron is constructed ad- 


+ 
ia 
— 
| 
) 
— 
] 
1% 
q 
— a 
7 


way 
the 
raffic: 


Zo in 


“MILITARY AIRFIELDS 


8. ‘Size of parking apron is based 


upon the number and type : of eiveralt to be parked on on it. ae 7 


tan 


‘Taxiways Ordinarily, t taxiways are laid out in straight lines, with angle 
ns not sharper than 90°, and avoid crossing runways or other taxiways. ‘The 
ndard width 50 0 ft, with” a shoulder on each ‘side 


Maximum 
1.5% Grade 


vase 


Distance Bete Between P. >= 


e hed ee 


Variable, Standard Width of Taxiways = 50'; 
At Four Engine School = 100' 


Variable, See Part (d) 


‘Maxton | Grapes ADES —_| Gross weight 


Algebraic Difference— __ 
on Planes, 120,000 Ib 


74,000 Ibe J 30, 
Grades for Taxiw yays— 
Longitudinal «(212 20,000 


Transverse 


Igebraic differences en percentage grades. Length of vertical curve required; minimum length 


00 ft. 74,000 lb or less 


= 
‘Fie. 12. —PERMISSIBLE GRADE CHANGES FOR Taxrways 


Januar 
"see Part (d) 
3 “SHOWING TWO EXAMPLES OF PERMISSIBLE GRADE CHANGES 
Hardstanding 
"Variable See Part (d) Variable,See Part(d) 
—— — 
x 
: 
ces- 
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4 Maximum allowable grades are 2. 5% longitudinal and 1.5% transverse. 
tions of taxiways having different grades are connected by vertical | curves 
having a minimum length of 100 ft for every per cent of algebraic difference 

q between n the grades. — Vertical curves curves of less than 300 ft are not: permitted under 

= circumstances, and the minimum distance b between points of grade inter- 


sections is not less than 750 ft. Examples of permissible grade changes are 


shown in F Fig. (12. 


_ The trend toward heavier w heel on loadings has led to a reexamination 
of the methods used in the design of airfield pavements. As a result of this 
reexamination it has become apparent that testing procedures for the evaluation 
of subgrades and for the economical use of base courses and pavements must 

4 be conducted under -earefully controlled conditions if efficient and economical | 

designs are to be attained. 
Good designs may ay be vitiated by p poor or construction and high quality con con- 
‘struetion control (inspection) is is essential. 
7 ‘Accelerated. field traffic - tests and service performance of airfields have 
verified the methods of design and construction described. _ Continuing obser- 

vations of pavement performance may lead to f urther revisions and refinements 

in the design and construction procedures. 

Proper design and construction of drainage facilities are essential both to 
pavement performance and the safe use of airfields. _ 

layouts must be based on uniform standards with to grades 


and clearances. These standards have been stitial raised as size and 


landing speeds of airplanes have 


— 
| 
— 
| 
= SUMMARY 
{ 
> 
| 
— 

i 
‘ 
— 


~ 


January, 1946 MILITARY AIRFIELDS 


DESIGN OF DRAINAGE FACILITIES 
GAIL AL HATHAWAY! M. Soc. C. E. Yous 


The p he primary purpose of this pay s paper is to suggest procedures for the design o of 
drainage facilities: for airfields utilizing surface pondage for temporary storage 
of runoff from high intensity storms of short duration. ‘Diagrams have been 


developed | by means of which relationships can be determined between drain- 
inlet capacities, m maximum storage volumes, and the duration of rainfall, for the 


frequency curve selected, that will produce the maximum rate of runoff for the 


specific a area involved. |. Standard rainfall intensity-duration | curves applicable 


to the ¢ continental are area ea of the United States were derived to represent a average 
rates: of * for various durations that have the s: same average frequency of 


occurrence. he relationship of overland flow ar and peak runoff rates to various" 


- standard r rainfall intensity-duration curves is demonstrated and a a typical layout: 


and sample computations: for ‘the drainage system of an airfield have been 


x 


included. 
GENERAL 


a A drainage system for an » airfield normally serves three functions: Inter-| 


. ception and diversion of surface and ground-water flow originating from lands | 
adjacent to the airfield ; area; removal of surface runoff from the airfield; and — 


The 


| reepective facilities may combined or separate depending upon local 


a 


many cases. 
efficacy” of by a of soil and 
ground-water Conan 3 at t the proposed airfield, but, in \ general, the efficient 


‘minimize the need of eatendive subsurface. drainage. Inasmuch as the s 
of this paper pertains primarily to surface ‘drainage, of subsurface 


drainage i is limited to the foregoing comments, se 
‘The design ‘eapacity of the storm drainage systems should be adequate to 


accomplish 1 the following objectives within the Tange of of economic feasibility, 


| proper to the and importance ¢ of the 


‘Sorm,” 
significant interruption of normal traffic; = 
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with the minimum damage to field facilities and with detten snhertupien of 


- sm Maximum reliability of operation practicable under all climatic con- 


ditionsy 
Minimum maintenance and operation difficulties and e e;and 
-(e) Adaptability to future expansion of airfield drainage facilities. with 1 the eo 


minimum of expense and interruption of normal traffic. 
The he importance of ¢ careful planning i in the preparation of of grading plans for an 
airfield scarcely can be overemphasized. In many instances, the need for ex- _ 
pensive underground drains in sections of a field may be avoided by grading the © 


surface to facilitate natural drainage. In other cases required drain capacities — 
may be reduced greatly by shallow ponding basins in intermediate a areas between 

the runways where runoff from intense short-duration rainfall may be stored 

for brief periods of time without interfering. with the use of runways and other 4 
essential areas. On | the other hand, improper planning of grading details may - 4 
cause flooding of an important area in one section of the airfield while the _ 


‘drainage facilities in other sections of the field are taxed to only part of their 


The major limitations on grading are as follows: Maximum longitudinal and 

transverse : grade for runways and aprons is 1.5%, except in the case of fields used 

by four-motored planes, where the maximum longitudinal grade for runways" 


‘is is 1%. A clear graded shoulder should be provided along ¢ each side of each 

“runway to a minimum width of 250 ft from the runway center line. — The 
selected transverse grade for the runway pavement is continued to the edge of 

_ the stabilized shoulder, 75 ft from the edge of the runway pavement. Beyond 
; this point the shoulder may be sloped longitudinally to drain into inlets located 
at least 250 ft i from the runway center line. In this area the maximum n longi- 

tudinal and transverse grade of 1.5% is ; necessary to develop the p ponding a1 areas 

at drain inlets. . Along the line of inlets, generally | located about 250 ft from 
7 the center line of the runway, a m: maximum \diewiiee grade. change not to exceed 
7 a 2% algebraic difference is permitted. Grade changes along this line should | 

be connected ied by v vertical ‘curves of not less. than 300 ft. _ Turfed al all-over 
hich are used only by light- -weight aircraft with traffic dispersed cover the 
entire ar area, have a permissible maximum grade i in any direction of 3%. ae 


- maximum . change in grade which may be made within a distance of 100 ft 

= aaa ‘Iti is common practice to design storm testes to provide ae: disposal of runoff 

, from rainfall having certain : average recurrence intervals or frequency of oc- 

- “currence. 17 The rainfall intensity corresponding to a particular frequency of 

— occurrence varies s appreciably with the duration of the rainfall, the a average rate 

for a period of 5 min usually being | several times as high as the average for a 

: period of 1 hr. _ study of rainfall intensity-frequency data for a large number. 
of f precipitation stations indicates that there are fairly consistent relationships — 

between the average intensity of rainfall for a period of 1 hr and the average 
rates of comparable frequency for shorter intervals, regardless of the geo- 
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"graphical location of | the stations or frequency of 1-hr rainfall. 
_ standard curves may be developed to express the rainfall ‘ ‘intensity- -duration” 
with an accuracy for airfield drainage problems. 


me. rd rainfall inten curves” for use in 
airfield ‘drainage in the following manner: 


(b) Using data from charts comp anil by the late David L. Yarnell, M. Am. 
“Boe. C. E. (15), as shown in Fig. 18, and other available information, 1-hr repre- an 
‘sentative rainfall intensities for quadrangle were plotted against 
rates | of comparable frequency for intervals of 5, 10, 15, 30, 120, and 240 min, 


data for of occurrence of once in 2, 5,10, 


Intensity, in Inches per Hour 


One Hour Rainfall 


Symbol — 


Year 


Year 4 


for Durations Indicated by Parameters, in Inches per Hour 


-Hr RAINFALL INTENSITIES TO. INTENSITIES FOR Du URATIONS oF 


Fl 
«6, 15, 30, 120, 240 M 


urves, representing the average the points plotted din 


Fie. 14. _—RELATION OF 


curves in Fig. 15 may be adopted as general standards i in airfield drainage pr prob- 


with a ‘satisfactory degree of accu racy. For convenience in reference 


- step (b), were drawn (see Fig. 7 14), and data sealed from these curves were : 
replotted in the form shown in Fig. 15. — Rest ults of the : study indicate that ih Fi 
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t term “design storm criteria” refers to the rainfall intensity- 


curve e adopted a as a basis of design for determining the c: capacity of storm drain 
facilities for a particular area. The rainfall -intensity-duration curves 
derived to represent a average rates of rainfall for various durations that have the 
same average frequency of occurrence. Such intensity-duration curves 
| Si from data for a number of storms; consequently, all of the intensities 
= by. a particular curve may not be expected in the same storm— - -at 
least not with the frequency indicated. = _ ‘For example, if curve No. 2.0 in Fig. 15 


“represents a a 10-yr rainfall frequency ata particular station, it is Aegen that on 


' average 0} of once in ce years rainfall will average 4.4 in. sag a period of 15 
min. The precipitation Load y end at 15 min or continue at some rate , equal to 
or lower than curve No. 2.0, and tl the intensity for periods less than 15 min may 
be equal to or less than curve No. 2. 
The rainfall intensity-duration value required to produce 
drain-inlet discharge corresponding to a given design storm criterion, taking © 
into consideration all drainage e area characteristics and ponding effects, is re- 
ferred to herein as the “design storm rainfall.” To simplify the preparation of 
generalized diagrams for estimating drain-inlet capacities required under va various. 
conditions for design ‘storm Tunoff, the following approximations to. 


‘the rainfall intensity- duration. ‘relations have been 1 accepted: 


(a) Each standard rainfall intensity-duration curve shown in Fig. 15 i is 


assumed to represent : average rates of rainfall for ‘separate ‘storms of various 
q duration that have the same average frequency of occurrence; and 


= (0) Rainfall is assumed to be of uniform intensity during each individual 
- storm, and to end at the duration st ailiaa to the particular rate on the 
j given intensity -duration curve. 


The iia: frequency serves as an index to the average frequency 
‘ with which some portions or all of the storm- drain system will be taxed to 
capacity. The selection of a design-storm frequency for a particular project 
” must be based primarily upon judgment, with consideration of f the purpose and — 
pony 
importance of the g given airfield, and such economic and en; engineering limitations — 


as may € exist. Design- storm frequencies ‘Tanging | from 2 to 10 years are gener- 


necessity. for service and similar It should be observed 

4 that, after having selected the design-storm frequency for the particular airfield 

involved, computations must be made to determine the duration of rainfall for 
the e frequency ¢ curve selected that will produce. the maximum rate of runoff for a 

~ the Specific area involved. The duration of rainfall required - to produce the 
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- maximum rate of runoff will depend primarily upon the length of overland flow, 


taking into account surface detention, roughness factor, and other surface 
_ The design-storm frequency alone is not a reliable 
0 


s 


a 


J 
g adequacy of 


n-inlet capacities. 


- 


ae | ve than the design storm may cause very little damage or inconvenience, whereas | 3 
in other cases flooding of important areas may result. is generally advisable 
— 
- 

— 

| 
he following letter symbols, used in this paper, conform essentially to 
aaa a na American Standard Letter Symbols for Hydraulics* prepared by a Committee | 


is 1944, MILITARY AIRFIELDS: 


of the American Standards Association, with on caneiiitiie: and ap- 
tod the e Association in 1942: 
= factor of turbulence; 
=a constant. dependent upon characteristics of the drainage | area 


= length of an. ‘elemental ale of turfed, bare, or paved surface, in a 


direction parallel to the maximum ‘slope; 


Curve Numbers iene to One Hour Values of 
| Rainfall or Supply Indicated by Respective Curves. 
“To Compute Standard Curve Numiber, Subtract Estimated ~~ 
One Hour Infiltration Loss from the Standard Rainfall ; 


_ Intensity— Duration Curve Number That Was 
= _ Selected as the Design Storm Criteria. —— 
~ All Points on the Same Curve Are Assumed toHave 


| 


= 


dl 
ll 


puration, in Minutes 


CurvEs; or, STANDARD SupPpLY CURVES 


: ” = an exponent dependent u upon the type of overland flow; 
= coefficient of roughness; 
= drain capacity, in cubic ints per second, at a designated point; 


= drain-inlet capacity, in cubic feet p per second; > ao 


= rate of overland flow at the lower end of an elemental strip of tur turfed, 


_ bare, or paved surface, in inches per hour or in cubic feet per second 


’ 
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peak runoff rate, in inches per hour | or cubic feet per enewnd per acre e of 


drainage area; 


; g= = ‘slope of surface, or the hydraulic gradient; 


tes = time, or duration, in minutes; time from the beginning of supply: 
_ ie critical duration of supply; that is, the duration of rainfall excess 
7 (rate of supply) corresponding to a given “standard supply 
oe. ding to a gi “standard | ly 


_ curve” that would produce t the maximum rate of outflow from a 

 gven drainage | area, taking into account surface detention and | 
__ the surface runoff characteristics; 


— time required for water + to travel from a specified inlet to a given 


olay 


ratio of 22 ; defined 1 by ‘Figs. 22 22 and 25; a 


Tate of ot in excess of the rate of 
a In \ view of the several variations | that t affect the infiltration a capacity of a 
given . soil, it is ; impracticable to determine ; accurately the infiltration capacity 
pomcirig be assumed to apply during storms of various d durations s and fre- 
quencies. ‘The rate of infiltration is a variable that changes not only during the 
course: of a storm but also during season. Moreover, tl the e infiltration ‘Tate: 
oa changes with the type of soil structure, soil cover, temperature (air, soil, and 
a water), moisture content of soil, turbidity of the water, and the amount of : 
organic matter in the soil. The use of cover on the land, such as grass turf, | 
serves as a protection teem | the impact of rain, retards the rate | . of runoff and 


thereby reduces the velocity of overland flow and turbidity, thus permitting a a 
- greater infiltration of water into the soil. _ Rates of infiltration on 


the design of storm drains a particular : airfield, infiltration capacity 
that i is estimated to be characteristic of the given soil, following a rainfall of 1 hr, 


. & serves as the most convenient index to the probable » volume of loss through 
infiltration during the design 
‘The term “rate of supply” (c) refers - the difference between the ra rainfall 
intensity and the infiltration capacity at the same instant of a particular storm. 
a To simplify computation procedures, the rainfall intensity and the infiltration 
capacity are assumed to be constant during any ‘specific storm. this 
% premise, the rate of supply during a particular storm would also be uniform. 
The average rates of supply corresponding to storms of different le sngths s and 
- the same average frequency of occurrence may be computed | by coepreseged 


estimated ‘infiltration capacities from rainfall intensities r represented by the 
an curve in Fig. 15. For convenience and since no appreciable error results, 


standard supply curves” are assumed to be the same shape as the curves in 


|) 
= duration of supply, in minutes; 
> te uration comespondine to the assumed supply rate 
4 
in 
— 
— 


Fig. 15. The supply ‘number 


OVERLAND EquaATIONS 


“overland flow,” . as used herein, relates to surface runoff re- 
Je sembling sheet flow before it has reached a defined channel or ponding basin. 
Robert E. Horton, M. Am. Soc. C. &. has | developed the following general 7 
ps equation that indicates the rate of overland flow to be expected from a uniform | 
rate of ‘rainfall-excess, ¢ or “rate of supply,” assuming flow characteristics ranging 


from fully turbulent to laminar (18): 
8 


— 


ve Bq. 2, q is the rate of overland flow at the lower wt un elemental side 
o is the rate of rainfall in 


excess of infiltration, in inches | ow hour; M is an dependent upon 

; = of overland f flow; K is a constant dependent upon characteristics of the 
? drainage area involved: and tis the time from the beginning of supply, in = 
: ay According to Mr. Horton, this equation is strictly rational for 75% 

_ turbulent flow (M = 2.00) and quasi-rational for other degrees of turbulence 
from 33% to 100%. The constant K involves slope, roughness and length of 

overland flow, and percentage of and by the 

In Eq. . 3, Sis the surface slope; Tis pe factor of turbulence; n is the coefficient: 

of and L is the length of an elemental strip” of turfed or 


} surface in a direction parallel to the maximum ‘slope e. The exponent M is equal 
at 3.00 for laminar flow and = for —s —— flow; therefore, the factor of 
turbulence Ti is given by the ‘equation: 


pavement. Substitution of the value M = 2.00 in Eq. , 2 gives the following 
Ris last the rate of overland flow corresponding to 75% turbulence: tan 


= 0.922 ( - 
nL} ' 


= for a "dense grass cover and somewhat smooth 


q = o tanh? 


; The eaten nin the preceding formulas has the same meaning for overland 


flow as it has for channel flow but i is made up differently. _ Mr. Horton points | 
P out that, in the case of a stream channel, n shows the combined resistance effect - 
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of true -rugosity, bends, noneffective cross section in eddies, bays, and deep 
holes, and expansion and contraction of cross section. m. All of these factors 


but they are often the major factors in case of overland flow. _ Available deta 

- indicate that the following values of the coefficient of roughness n n are approxi-_ 

mately of surtnces encountered i in airfield drainage problems: 

Surface 


ss packed soil, free of stone... 


Poor grass cover, or or moderately surface... 0.20 


grass cover. 


In certain approximate computations of overland — flow rates, average 


+o 


roughness values for inlet drainage area have been used. The average roughness 
factor applicable to a drainage area consisting of a scedliaiadiaias of paved and 
a unpaved surfaces (or any combination of surfaces having ¢ dissimilar roughness 
characteristics) may be estimated by selecting values of the coefficient n appli- 
— cable to the respective s surfaces and weighting tl the values in proportion to the 


The > series | of overland flow curves for paved and turfed areas shown i in # 
Fig. 16 were computed by the use of Eq. 5, assuming S equal to i% and n equal : ; 


4 tod 0.02 for pavements and 0.40 for turf. _ However, these ¢ curves may | be 2 applied 
«a to surfaces having other roughness factors or surface slopes by using, instead of 
the actual length Z of the surface involved, a hypothetical length that is greater f 
or less than the actual length by a sufficient margin to compensate for the 
difference between the ‘correct v alues of n and S and those used in preparing 
the curves Shown i in Fig. 16. - _ values of L may b be cony erted easily sali the 
> of Fig. 17, as follows: 


Fig. 17(a).—The r: rate of overland flow indicated by Eq. 5 isa function 


of the product of nL; hence, any combination of n and L values that give the | 


je roughness factor n of 0.40 paar a length L of 100 ft would ‘produce the same 
rate of overland flow as one having an n-value of 0.20 and a length of 200 ft, 

other factors being the same. The curves in Fig. 17(a) represent similar re- 


— ©) Fig. 17(b).—The discharge rate represented by y Eq. 5i is also a function of 


quotient Therefore, the overland flow curves in Fig. 16, computed 


ing fora a slope « at 1%, may be applied to a surface having a any other slope, if le 
a _sating corrections in the value of L are made in accordance with Fig. 17(6). 


— 


The rates of runoff from turfed areas of various lengths that would result | 


J from continuous and uniform rates of rainfall-excess (rates of supply) are 
__ Tepresented by the overland flow rates in Fig. 16. For example, with a con- 
tinuous and uniform 1 rate of supply (a) of 2 in. per hr anda. length aa 100 ft, the | 
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rate of. overland flow 25 min after the beginning of | be 1. Ti in. per 
hr. Similarly, the rate of overland flow 40 min after the beginning of supply | 

Ww ould be 2.0 in. per hr. _Hydrographs o of runoff corresponding to any selected 
‘duration: and rate of rainfall excess may be ‘computed from the overland flow 
rates indicated in Fig. ‘16 by the procedure shown i in Wig. 18. The overland . 


AZ 


Corresponding to Hydrograph 


- Rate of Supply, in 


Inches per Hour 


for” ik 


Hydrograph Q) 


u Ft per Sec per Acre 


or Cu Ft 


~ 


— 


40 


10 20 
Time, 


Fig. 18. —ComMPUTATION OF HypRoGRAPH to REPRESENT RUNOFF FROM A SUPPLY OF SPECIFIED Duration 
™ 
flow ¢ curve No. 1, of Fig. 18, , Tepresents the runoff hydrograph from an ‘elemental — ; 
‘strip. of turf 400 ft i in length : assuming a continuous and uniform rate of — a 
of 4in. per hr. ordinates of the overland flow curve can be considered 


50 60 
in Minutes. 


to be the sum of the 1e corresponding o ordinates of a series of identical runoff 
hydrographs (2, 2A, 2B, 2C, ete., not as yet determined) resulting from a , con- 
- tinuous series of short rainfall periods of specified duration—for example, 20° 


min. Overland flow curve No. 1A is the same curve as No. 1, but is translated — 


é : horizontally a time 2 distance equal to the selected d duration of 20 min, and repre- 7 


- sents the runoff for a continuous and uniform rate of supply y of 4 in. _ per hr 


dq beginning 2 20 min after that of curve No. 1. _ Hydrograph No. 2 is obtained by 


w 


- subtracting the e ordinates of No. 1A from the ordinates of No. 1 and approxi- — 
_ Mately represents the runoff hydrograph to be expected from a supply rate of 

4in, per hr for a duration of 20 min. This is verified readily by a consideration 
of the composition o of overland flow cu curves No. 1 and No. 1A at any partionlar 


must be such that the su sum of the first 20-min meron a, , of No. 2B, plus the: a 


20-min v value, b, of No. 2A, plus the third 20-min value, c, of No. 2, equals the 
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ordinate of No. 1 at 60 min. However, No. 1A at 60 min equals No. 1 at 40 m min 
by: construction, and No 2 at 40 min is equal to ordinate a of No. 2A plus b b of 
No.2. Since hydrographs 2, 2A, 2B, ete. , are re identical, all a ordinates are equal 
to each o other as are t) the b, c, ete., ordinates. Thus at the time of 60 min 

No. l=a+b+e and No. It follows that the ordinates of 


No. 1 minus the ordinates of No. 1A equal | ¢, , Which i is the 60- min value of — 


-hydrograph No.2, 
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Fra. 19. —Surp Curve No. 2.0; RATES OF oven ERLAND FLow ow Connzsrowprsa 
— Suppty Curves; n = 0. 40, anp 


The curves shown in Fig. 19 have been included for the purpose of demon-— 
_ strating the relationship between the maximum rate and critical time of runoff 
(ti) for various lengths L of of overland flow and a specific supply curve. The 
‘curves were obtained by ‘computing the rates of discharge at successive time 
—— intervals that would r result from the various rates of supply 6, corresponding to 
~ standard supply ct curve No. 2.0 by application c of the overland flow curves shown 
g in Fig. 16. The procedure i is illustrated by the sample computations in’ Table 2. 
a ‘To illustrate the procedure, durations of supply of 12, 20, and 35 ‘min were 
_ selected and have been marked by dotted lines in Fig. 20. ‘The rates of supply 


(Sealed fi from | No. 2. 0 0 curve) | for durations of 12. 20, and 35 min are 4.83, 3. 85, 
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a and 2.84 in. per r hr, respectively (see l. x % ‘Table 2, and points on curve A, 
™ ig. 20). The overland flow 1 rate was gto scaled by interpolation betw een 
4ando =5 (from eu curves similar to those shown in Fig. , 16) for a a length 


| salina to be 2.41 in. per hr (sce Col. 6, Table 2, and the p ooint on curve +B, 
Fig. 20). _ The foregoing runoff values are accepted as the maximum under the 
| _ assumption that surface storage is negligible. Actually the maximum runoff 


_ would occur a short time after the rainfall-excess ceases. - For all practical 
7 purposes, however, the maximum rate of overland fic flow can be assumed d to occur 
approximately at a time coincident with the ending of the rainfall-e ~excess. 


TABLE 2.—RatEs ofr OVERLAND FLow CorRESPONDING TO INTENSITIES AND 


DURATION OF Suppty REPRESENTED bY STANDARD ) SUPPLY Curve 


2.0 IN Fie. 15 


RATE OF Fiow? TO Durations SHOWN INU 
Duration of | Rate of OL. 1 AND Rates oF Suppty GIVEN IN Cou 
© = 201 L =60ft L = 100ftlz t|L = = 400 = 600 
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-Guratior from curve No. 2.0, Fig. 15. As sealed from diagrams similar to those shown ir in Fig. 16. Critical 


Attention is directed to the fact that the curves in Fig. 19 are not hydrographs | 
; es any specific design storm, but represent the peak rates of runoff from indi- 
_ vidual storm events of various s durations, all of which have the same average 7 
frequency of occurrence. The duration of supply corresponding to the maxi- 
= discharge for ‘a particular s standard supply curve and value of L in Fig. 19 
‘is ‘indicated by 1 the broken line designated as ¢;, the “critical duration of supply,” 7 
| defined as “‘the duration of rainfall-excess (rate of supply) corresponding to a 
given | standard supply curve that would produce the maximum rate of outflow 
> from & given drainage area, taking into account surface detention and surface 


characteristics” 
The curves in F ig. 16 ‘Tepresent the rate of overland f that result 
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overland flow corresponding to specific intensities 
selected from from. curve ‘A. Curve B is approximately to the rate | of supply 
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rate of runoff for the respective rates occurs at a time ordinarily 


referred to as the “time of concentration,” when the rate of runoff becomes e equal 


to the rate of supply. - Curves A, B, and C of Fig. 20 are defined as follows: 


—Standard supply curve No. 2 (Fig. 15 and Col. 2, Table2); 


B B.—Maximum rates of overland flow corresponding to > specific intensities | 
7 ead and durations of supply represented by the standard supply curve 
No.: 2 (Fig. 19 and 6, Table 2); an 


orresponding to a uniform con-| 


will observed that the of runoff represented C, Fig. 20, ap- 
anni — )elosely the rate of supply | of 2 in. per hr at a time 60 min ol 
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in. . per hr and a duration of supply of 20 min psa nes A and B, Fig. 20). 


Dratn-Inuer CaPAcITy Versus § -STORAGE RELATIONSHIPS 


If the rate of outflow from a ‘a drainage ar area is limited by the capacity y of a a 
_ drain serving the area, runoff ff occurring at rates exceeding the drain capacity — 
must be stored temporarily. © As soon as the rate of inflow into the partion, 


. craw off at: a 1 rate equal to the difference between the drain capacity and the 


, storage, and 


‘Outflow 


The rate of f outflow from a basin is affected the ele- 


7 vation ¢ of the water surface at the inlet to the drain serving the a area, the rate of 
: outflow i increasing as the head on the inlet increases. 7 However, because of the 


flat slopes of airfield areas, the surfaces of the storage ponds surrounding the 7 
- drain inlets are usually very large in comparison with the depth of water at the _ 
‘inlets. Therefore, it is reasonable to assume that the rate of outflow through a 
particular: drain inlet would be ‘approximately constant as long : as the rate of 
runoff and accumulated storage | are sufficient to “maintain the full discharge 
capacity of the drain inlet s¢ serving the particular : area. . It is also assumed that 
the rate of outflow would equal the rate of inflow into the pond until the full , 
discharge capacity | of the drain inlet is attained. To illustrate these assump- 

me reference is made to the curves shown in Fig. 21 for a length L = 400 ft, 

= 1%, n = 0.40, and a uniform ‘ ‘rate of supply” (c) of 4 in. per hr for a 
iui 20 min. Length ane chosen to represent the weighted mean © 
distance from the limits of the drainage area to the average limits of the pond. 


Hydrographs 1,2,and 3, Fig.21,are; 


.  * Runoff that would have occurred if the given rate of of supply (41 in. per hr) 
. Runoff from a supply of 4 in. per hr fora duration of 20 min;and 
3 . Rate of outflow, assuming the inlet capacity — as designated, and a. 


‘Hydrograph Fig. 21, would represent the constant ra ate of outflow 


"corresponding t« to the inflow hydrograph 2 if the drain-inlet capacity were 
: = to be 1.25 cu ft per sec per acre of drainage area. The - volume of 
4 = above the outflow hydrograph 3 and below the inflow hydrograph : 


| that would be accumulated at successive intervals of time under these conditions 
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yo = of 2 in. per hr as represented by curve A at a duration Of OU min and is equal to’ ae 
al curve C at 60 min. However, further inspection of curve B shows that a _ a 
a discharge greater than that represented by curve C at 60 min will result from de oe 
durations of supply having the same average frequency (curve A) but higher ew 
intensities and shorter durations. In other words, under the assumed condi-— 
oi | : tions, the maximum rate of overland flow for intensities and durations of supply — 
85 
n- 
re 
| 
| } 
outflow is expressed by the equation: ; 
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ies indicated by curve 4, Fig. 21. a ‘The m maximum volume of storage that would 


area the end of the occurs approximately 43 min after 


the be beginning o of 


Discu E-S DIAGRAN 
ISCHAE TORAGE DIAGRAM 


~ Hydrograph 2 , Fig. 2 , Te epresents the rate of runoff from one acre > of turf. 


with a length of 400 ft, a a coe efficient n of 0.40, and a slope of 1% assuming a 


uniform value of o equal to 4 in. per hr for a duration of 20 min. A series of 


hydrographs similar to hydrograph 2 was computed for a “rate. of supply” of — 


cumulative Storage, 
_in Cu Ft per Acre 


Accumt 


er Acre of Contributing Area 


Duration of F 
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1 350 Cu Ft 


per 
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ischarge, q, in 


per Acre of Contributi 
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21. FOR REquire WITH SELECTED — TO Provis 
FOR RUNOFF FRoM’1 ACRE OF Turr; L = 400 Fr, = 0.40, AND S=1% 


4in. per hr and for durations of —_ 10, 20, 30, 40, 50, and 60 min, suc- 
cessively. _ Ineach case the drainage : area was taken as 1 lacre: and the “effective 
length” (L) as 400 ft. The volumes of runoff under the res respective hydrographs 
and above abscissas representing discharge r rates (drain-inlet capacity), similar 
to that of hydrograph 3 in Fig. 21, equal to 25%, 50%, and 75% of the peak 
ordinates thereof, were measured planimeter. The volumes thus determined 


represent approximately the maximum quantities of water that would be stored — 


temporarily in surface ponds if drain-inlet capacities equal to 25%, 50%, and E 


: —_ of the the peak or ordinates of the inflow hydrograph were eo _ The data 
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were plotted to to obtain t the series of curves in Fig. 22 foe a equal t 
The same procedure w: was followed in developing a series of curves similar to ‘tha “7 


shown in Fig. 22 for “rates of supply” of 1, 2, 3, 4, 5, 6, 7, and 8 in. per hr 


assuming y effective lengths (L) of 40, 100, 200, 300, '400, and 600 ft, successively. 
= The foregoing procedure is one step in the preparation of “discharge | verst 
i storage diagrams” and Fig. 22 has been included to illustrate the step. 


we 


O= Rate of Supply, In. per Hr.; 


ts t,= Duration of Supply, in Minutes 
_ X=Ratio of 4 to gp, in Percentage 


Curve © = Duration of Ponding 
S-D Relation Maximum 


Discharge Relation 


3} 


d 


- Required Drain Capacity, g, , in Cu Ft per Sec per Acre of Contributing Area 


Maximum Storage, in Thousands of Cubic Feet per Acre 
RELATIONS Turrep Areas; L = 400 Franpo = 4 
Inasmuch as. the: volume of pony accumulated in a ponding area is a 
funetion: of both the rate and duration of supply, a “‘trial’’ computation pro- 
cedure: is necessary t¢ to determine the: drain-i -inlet capacity required to limit 
‘storage toa a specific volume, assuming a design storm criterion represented by 
7 one of the “standard rainfall intensity- -duration curves” in Fig. 15. The | 
computations involved in this procedure are illustrated in Table 3. The: series 


Bae diagrams s aiiaaad to Fig. 22 was used in computing the drain-inlet capacities _ 
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— 
in Cols. 3 to 9, Table 3. ‘Rates of supply’ ” (a), ‘corresponding to values used 
in preparing the diagrams: in n Fig. 22, were selected to avoid the need for 
in 1, Table 3). The durations of of the supply Fate ‘corre- 
: sponding to the ‘ “rates 7 supply” listed in Col. 1 were scaled from the ‘ ‘standard | 
" supply curves” in Fig. 15, and the values were placed in Col. 2, Table 3. x ‘The 
_ procedure followed i in computing drain-inlet capacities required to limit surface — 
storage to volumes indicated in the headings of Cols. 3 to 9, Table 3, assuming 
the various combinations of rate and duration of supply | tabulated in Cols. 1 ; 
and 2, 2, Table 3, m may be ‘illustrated by the following sample computation. | 
Assume a turfed area for which L = 400 ft;o = 4in. per hr; t, = 38 min, , and a 
permissible storage volume | to 2,000 cu ft per acre of 
determined by. entering the diagram i in n Fig. 22 for o= 4, at point a . (storage — 
2 ,000), following a vertical line to point b (t, = = 38), and reading the drain-inlet 
capacity of 2.1 cu ft per sec per acre of drainage area at point c. i 
TABLE 3.— CAPACITIES FOR Various: SURFACE STORAGE 
_ Votumes TurRFED AREA; L = 400 Fr, n = 


AssuMED Maximum SurFacge Cusic FEEer 


Pr E OF DRAINAGE AREA 


to 


| 
© | © | 
(a) Stranparp Suprty Curve No. 1; See Fia. 
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"TABLE 3.—(Continued) 


Duration 


AssumMED Maximum SuRFAcE SToRaGE, IN Custc Feet 


Assumed rate = 


corresponding y 
to assumed supply 


rate, in min (Fig. 15) 


upply, in 
hr 


(Fig. 15) 


i 


fol 


Per AcrkE oF DRAINAGE AREA 


1,000 | 2,000 | 3,000 


4,000 | 5,000 
| 
(8) 


Sranparp Suprty Curve No. 3; Sex Fic. 


_ Drain- Inlet Capacity, qa, in Cubic Feet Per Second Per Ac 
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: . Drain-Inlet Capacity, qa, in Cubic Feet t Per Secon 


bg 
 Critieal,! qa 


ap 


in Minutes: 
D-scale values 
Maximum, ponding?. . 
Critical — 


* Drain-inlet capacity ga in cubic feet per second per acre of drainage area required to limit storage t to the 
These values were computed with the assistance of curves similar to Fig. 22. 


assumed volumes. 
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critical value of g¢, the maximum duration of ponding, and the critical duration of supply were used in 


reparing diagrams A, B, and C, respectively, in Fig.238. 
preparing diagra C, respe y, in Fig. ie ad 


= 


As all rates of supply represented by a particular “‘standard supply curve” — 
ig. 15) are assumed to occur with the same average frequency, the drain-inlet_ 


_ capacity required for a , particular 


area should be adequate to limit the volume 


of Storage to the maximum permissible quantity during all storms producing 


supply rates corresponding to the ‘ 
_ Accordingly, only t the ‘ ‘critical” drain-inlet capacities indicated 


design criteria. 


‘standard. ‘supply curve” selected as the 


; in ‘Table e 3 are of prime concern in the determination of design capacities for 


storm drains. The relationships | between ‘ ‘critical” drain-inlet capacities, 


maximum storage volumes, and 


“standard-supply- curve” numbers corre- 


_ Sponding to those shown in Fig. 15 have been resolved into the convenient 


curves, an of which is shown in Fig. 23, diagram A, 
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’ refers 1 to a period | beginning at the 
the rate of storm runoff first. the drain-inlet capacity and ending 
at the instant all the accumulated storage has been discharged (see Fig. 21). 
The duration of ponding corresponding to. various combinations of -drain-— 
inlet capacity, permissible volume of surface storage, rate and duration 


and rate of Tunoff be conveniently ~ of charts 


| © L=100 Feet 

4 200 Feet _ 
L=400 Feet 
8 [= 600 


TRFED AREAS, 


Ri 


oO 


oO 
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Values of fso, in Minutes 
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100 200 250 «300 400 450 


24. —Baste OF Dw t0 TO Dw AND 


igs. 22, 24, and 25 w ere included only to illustrate manner in Ww hich the 


ERSUS 


23.—Dratn-INLET Capacity V 


-drain-inlet capacities equal to 25%, 50%, 15% of peak 

ordinates were . assumed and the corresponding durations of ponding (tes, tso, 
and ts) were computed by determining the length of time the drain-inlet 
_ capacity would have to remain at, say, tso, in order for the accumulated volume 
— of t storage to be drawn off. This storage volume i is illustrated clearly in Fig. 21. 
a (b) Values of tos and | t75, computed in 1 step (a), were were plotted against | corre- 
"sponding values of ts to determine average relationships for d drain-inlet ca- 
2 pacities equal to 25% and | 75% of the peak rates of runoff for various sets of 
. conditions (see Fig. 24). (Plotted points in Fig. 24 were computed from 
% : hydrographs similar to curve No. 2, Fig. 21, for various rates, durations of 


supply, and lengths L.) 
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a. (¢) To facilitate interpolations, durations of ponding in minutes, scaled from 

4 Fig. 24, were plotted against drs drain- inlet capacity expressed as percentages of | 
peal discharge with values of tso 2 as parameters (see Fig. 25(a)). 
(d) A working diagram (Fig. -25(b)) was prepared using data scaled 
Fig. 25(a), with values of tso (“‘seale D,” = Fig. 22) plotted against: duration of | 
ponding in ‘minutes, with ratio (X of Fig. 22) of drain-inlet capacity to 7 
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(a) Interpolation Diagram: N 
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0 
— (e) Values of tso were plotted in Fig. 22 against maximum storage, inten: 
zero drain-inlet and various d durations of supply to obtain the 
= The use of the. curves shown in in Figs. 22, 24, and 25 may be illustrated Ks 
by continuing the example referfed to previously | with a length L of 400 ft, ¢ 
ay of 4 in. per hr, a duration of supply (¢,) of 38 min, and a maximum permissible 
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storage ge volume of 2,000 cu ft per acre of drainage a area. me Sen sie values a 7 


=3 
Ss 
° 
= 
3 
= 
5 


from Fig. 22. "By interpolation determine the value of the x. ratio (69%) 7 
"corresponding to point b, and record the X-ratio for future use. Follow the 
_“§-D relation” curve to at, of 38 min from point b to point d; then proceed ' ver- — 
tically to point e and read : a “scale D” value of 78 min at point f. ts ‘Enter — 
Fig. . 25(b) at point g with a “seale D” ’ value of 78 min; follow a horizontal line 


| to a point corresponding to an X-ratio of 59%; and vend 0 a value for the maxi-— 


“mum duration of ponding at point i of 62 min on the bottom scale i _s> 
gy) Results obtained by the | procedure » outlined in 1 step (f), for the critical 
values shown in Table 3, are tabulated under the subdivisions in Table 3 for the 
“supply curve numbers” (see footnote (°), Table 3). 


Therefore, to determine the maximum drain-inlet capacity for various 
durations : of supply (Col. 2, Table 3) and for various s storages (Cols. 3 to 9, 


of the supply (Col. 2) “corresponding to the assumed ‘ ‘rate of 

supply” in . inches per hour (Col. 1). The procedure may be illustrated by 7 

specific reference to Table 3: The drain-inlet capacities assuming a ‘ ‘standard 

supply curve No. 3,” for example, for a storage volume . of 2,000 cu ft per acre 

of drainage area are , shown i in Col. 5. T hese values were plotted against the 

duration of the : ‘supply | rate in minutes indicated in Col. 2, Table3. A critical - 

(or. maximum) | drain-inlet capacity of of 2.1 cu ft per sec per acre of drainage a area 

was scaled from this curve at an approximate duration n of supply o of 42° min. a 

4 Similarly, the critical drain- -inlet | capacity of 1.7 7 cu ft per Sec per acre for -_ 

_ storage volume of 3,000 cu ft per acre was scaled from the curve plotted for 

this condition, at a duration of supply | of 49 min. 7 The critical drain-inlet 

[capacities obtained by this procedure are tabulated under the subdivisions ie 

_ the various “supply curve numbers” (see footnote (°), Table 3) and for each of © 

the storage values indicated in the headings of Cols. 3 to 9, Table 3. The - 

results thus , presented i in Table 3 were _ plotted in diagram C, Fig. 23 (length of _ 

400 ft), against the corresponding storages and critical drain-inlet: capacities. _ 

Similar computations were made for lengths of 40, 100, 200, , 300, and 600 ft, 

respectively, the results of which are omitted from the paper. 7 rete - 

& The use of e of diagrams A, B, and C, Fig. 23, is illustrated ad by the he following 

7 Given —(1) Length L of | turfed. area = - 400 ft; (2) design | storm criteria is as 

: represented by “standard supply ¢ curve No. 3.0” in Fig. 15; and (3) maximum | 

permissible ‘storage = = 2,000 cu ft per acre of drainage area, hen 

Solution.- —Enter diagram A ¢ of Fig. 23 at ‘point h (supply of 3.0) and 

6. Hollow a vertical line to point j (storage of 2,000); then follow a horizontal line 

p left to the margin of diagram A to point k and read the required -drain- inlet _ 

D capacity of 2.1 cu ft per sec per acre of drainage area (see Col. 5, Table 3). The 

maximum duration of ‘ponding i is obtained by following a horizontal line from 


ing 
rves 


ated fp Point j to the : right to point l (storage 2,000) and reading a a value of 62 min on 
it, 0 the bottom scale of diagram B at point m (see Col. 5, Table 3). The a 


sible | duration of st supply (t-) is obtained by - continuing the horizontal <i from point L 
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to point n (storage 2,000) to read a a value « of 42 min at point o o on the scale at 
the top of diagram C (see Col. 5, Table 


Lzenern or DRAINAGE AREA 


Asus used in in the Horton overland flow formulas, L refers to the over-all length 
of an elemental strip p of turfed or paved ‘surface in a direction parallel to the 


- maximum slope. This definition of ZL must be liberalized somewhat when | 


applied to an area in which a shallow large- -area pond will be formed by storage 
of runoff during the design storm. In estimating the * ‘effective length” for a 
‘drainage basin in which an appreciable quantity of temporary storage is per- 
missible, the value of L adopted should be such that the rate of runoff indicated 
by the corresponding overland | flow hydrograph would approximate the actual 
 hydrograph | of inflow into the ‘ponding area. In such ¢: cases, the selected value 
of L may be considered as a an index to be used i in selecting the most applicable 
‘set of computation charts rather than as a definite dimension of the drainage 
area. With storage capacities ordinarily attainable and permissible in | inter- 


mediate : areas, the use of an approximate value of L will not introduce serious 


the required drain capacities. 


errors in the determination in 
The value of L strictly applicable toa particular area varies as the size of 
the storage pond fluctuates during the course of storm runoff. As water 
accumulates in the relatively flat storage area during the process of ‘storm runoff, 
_ thes size of the pond i increases rapidly, thus progressively ‘reducing the distance 
from the edge of the pond to the outer limits « of the drainage area. To simplify 
- computation of the. required drain-inlet capacity, it is ; desirable to select a value 
of L for the drainage area tributary to each inlet that most closely. approximates | 
“the a average during the period of critical runoff. . In most cases it is satisfactory 
to estimate the “effective length” as the distance from the outer limits of the J 
_turfed drainage area to the mean boundary of the ponding area during the ; 
period of critical storm runoff. If the drain inlet is not located n near the 
poser of the turfed « drainage ar area, , the ‘ ‘effective length” should be estimated 
as the w weighted a average ge distance from the boundary of the turfed area to the 
mean lir limits of the ponding area . corresponding to to a depth equal to two thirds 


‘the ms maximum during the design s storm. 


Asa Z general rule, ponding areas are located i in turfed in intermedi ate areas | 
‘that are hendesed by paved runways, taxiways, or paved aprons one Fig. 26). 

_ Runoff from these paved areas must pass over turfed slopes to reach the ponding 
areas and drain inlets, and in so doing is subjected to somewhat the same 
retardance | as the runoff that results from precipitation falling directly on the 

: turfed a1 area. _ Inasmuch as the time e required for r water to to ) flow over paved areas 
Ps normally : short (5 to 10 min), the length of the paved area can be disregarded 
 @ or ‘given | very little weight in n estimating the “ effective length” (L) for a com 


posite area. In exceptional cases w where large paved landing mats or bare areas 

are involved i it will be necessary to determine the modified effective length by 


means 3 of the diagrams i in 1 Fig. 
_ im A are layout of a storm drain system for a portion of an airfield i is showl} 


in Fig. 26. The inlets to the underground drains are located in such a manneyy 
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as to permit the temporary storage of substantial volumes of runoff during 
intense storms without interfering with normal use of runw ays, taxiways, anh 
parking areas. To prevent the concentration of an excessive quantity of 
‘storage in the lower parts of the field, the intermediate ar areas were assumed to 
be graded i in such a a manner as to effect drainage toward the several drain inlets” 
and to form shallow, , large area § storage basins around each inlet. — ‘By providing © 
storage ponds around several inlets a relatively large volume of water can be 
stored ‘without causing excessive depths of ponding in | any area — the 7 


design storm. 
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6.—L LAYOUT OF ‘Primary Srom DRaIN Sy YSTEM 


effect j important reductions in required drain-inlet t capacities are to be provided 
without creating objectionable flooding conditions or or undesirable rates of change a - 
bin surface grades. The elevation of the various inlets will be determined by 
location with ‘respect to > runways, aprons, etc., and the limiting ‘surface 
grades applicable to the area a. The distance belerenn inlets will be determined 
by the « elevation of the ghee inlets w: with relation to tere elevations of 
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scribed. For» major airfields a maximum effective length of overland flow in 


_ excess of 400 ft (corrected to a . slope of 1% and a roughness factor of 0.40) 

_ should not be permitted in n areas adjacent to runways and aprons, and 600 ft in 
.. The storage capacity that can be provided in intermediate areas s without fF ° 

exceeding limiting grades i in any direction is determined partly by the general : 

slope of the field and partly t by “= location of the drain inlets with respect to “ 

‘runways, , taxiways, and ar aprons. Toe estimate the maximum volume of storage | " 

_ permissible in a particular area, the maximum elevations of ponding allowable | , 

therein should be estimated inspection of ‘cross-sectional profiles, and the 

F limits of the ponding area should be sketched on a a map showing the drain-inlet ec 

ee 

layout. 7 surface areas of the various ponding a areas s may be measured by a 

planimeter. | _Gaeeeety, the storage capacity, in cubic feet below 1 the elevation F ay 

Ta 

fil 

In general, the maximum n depth | of ponding in intermediate areas areas during the Fi 

: - design storm should not exceed approximately one foot at the inlets if the inter- 

mediate areas are to be used for landing purposes and the upper limits of the are 

storage casi should not approach within 75 ft of runway pavements. a ak 

v4 In some instances it would be feasible to provide : surface ponds of sufficient 

capacity to : store practically the entire runoff from storms less than a few hours ra 

in duration, without exceeding the maximum li limits the ponding “areas. 

However, if the maximum permissible volume of storage were utilized in isd 

cases, the drain- ‘inlet capacities provided would small and the corre 

ft 

tion 

the 

as the result of a series of moderate the ares top 


— subjected 1 to frequent and prolonged ! flooding may constitute « a small proportion 
cme 

of the maximum permissible. ponding: area, the creation of unstable soil cond: 
an tions in such areas would be objectionable in many cases, 4 
> a Curve No. 4 in diagram A of Fig. 23 represents the minimum drain-inle 

- Capacities that are considered desirable, regardless of the volume of storag: 
capacity that may be permitted without the depth or area of flooding exceediny 
allowable limits. The drain-inlet capacities represented by curve No. 4, dis- 
gram A, Fig. 23, in cubic feet per second per acre of ‘drainage area are equal t 
the rates of supply corresponding to a duration of 4 hr on the respective “stant 
ard supply curves” given in Fig. 15 . If a drain-inlet capacity indicated by 
curve No. 4 is adopted in a particular case, it may be ye expected that some storag 
in the ponding basin will result during all storms less than 4 bri in n duration t that 
produce ‘supply rates ¢ to the given ‘ ‘standard ‘supply curve. 
; _ The proper criteria to be followed in estimating minimum drain-inlet capacitie 
depend largely upon the characteristics of the ts involved spate the oad that i 
to be made uf the 
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CoMPUTATIONS oF CapacitiEs, 


The _ prineipal _ procedures involved ‘in the determination of drain-inlet 


followed: 


Belect design-st storm frequency (say 
equivalent to a 5-yr frequency i in Fig. 13(d). 
byf— (0) Estimate infiltration capacity a and determine ‘ ‘stan svek sonst curves’ J 
tion — applicable to paved and unpaved areas. ‘The infiltration capacity for a 1-hr 
pth F rainfall for turfed areas in this case is cemenial to be 0.6 in. per hr. The in- 
1, in filtration c capacity for paved areas is zero; therefore the “standard supply 


. “curves” for paved and unpaved a areas are Nos. 2.2 and i 6, respectively, (see 


Fig. 15). 
Compute ‘ ‘weighted stenderd for composite drainage 
areas tributary to the respective drain inlets (see Cols. 15 to 19, Table 4(a)). 
. (d) By | use of curves such as Fig. 23, compute the drain-inlet , capacities 


required to limit s storage above the respective inlets to permissible volumes’ 


(see sample le computation i in 1 Table 4(a)). 
hours In general, the methods used in current practice | to design city storm sewers 


— are applicable to the determination of pipe sizes for airfield storm drains. It — 

such} 18 desirable to maintain the hydraulic grade line as near as practicable to the 

top « of the drain. pipe during the design storm. A minimum velocity of 2. 5 

ft per sec should be maintained in so far as practicable to minimize the deposi- a 
tion of sediment in the drains. - Where ponding is contemplated the design of 

the storm drains should be reviewed, assuming the hydraulic gradient at oe 

top of each h inlet, to investigate 1 the possibility of excessive flooding at any of i 

low inlets. . If ‘such conditions e exist, the « discharge from the inlets contributing — 

to the excessive flooding should be regulated either by an orifice control in the 

inlet or by designing the inlet connection pipe e for the design discharge reduced 


Corre 
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Computation OF STORM Drain 


capacities to runoff from the. design storm. without 
ponding in the areas surrounding the drain inlets. To accomplish this purpose, 
drain-inlet capacities equal to the maximum rates of design storm runoff from 
areas tributary to 1 respective inlets are ‘required. An accurate 


of drain-inlet capacities necessary to remove design storm runoff from several 


inlet drainage areas without po ponding entails a rather r tedious procedure. — Simi- 
lar computations | and a general consideration ¢ of the objectives. involved indi- 
cate that the simple approximate method illustrated in Tables 4(b) and wal 


in | 
0) 
— 
ut capacities required to limit storage in individual ponding areas to permissible q 
- volumes are shown by sample computations presented in Tables 4(a) and 5(a) a nee 
| for line C in the sample layout of Fig. 26. Assuming the project to be in north jae 
central the following summarizes briefly the successive steps to be 
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—Dratw- -INLET Capacities; ; Drarnace Line ING 
Paved; To- | at | area; | ume, Slope} or | JL,f a 
2=0.02) inlet; 1,000 | 1,000 |~ factor | S; %]| effec- | n=0.4 ea 
Bare; Turf; sqft | cu ft = tive | 
| (2) | (4) (7) | (@) (9) (10) a (134) 
( IREMENTS FOR Li PING 
a REM R IMITING 
| | 09 | | 1,900 | 021 | 10] 125 | 
15 3.20 | 6.31 | 0.9 16 =| 2,500 0.21 | 0.8 120 
6.73 | 12. 25 | 3,700 | 0.22 | 0.9 | 120 704m00 
16 | 2,500 | 021 | 08 | 120 
547 | 09 13 | 2,400 | 0.24 | 0.7 | 120 
5.04 | 1.0 |. 21 4,200 | 0.27 | 1.0] 100 a 
2.55 | 0.9 11 | 4,300 | 0.32 | 08] 80 | 
(6.72 | 10 18 | 3,200 | 0.24 | 08 | 120 70 
3.53 | 0.9 | 16 | 4,500 | 0.26 | 0.8 | 100 a 0 
| 2.90 | 09 | 14 | 4,800 | 0.33 | 0.8 75 TI 
2196 | 1.0 is | 6,100 | 0.33 | 0.9 | 
| 1.0 21 | 5,200 | 0.25 | 0.6 | 100 
| 20 | 7,500 | 0.33 | 0.6 | 
4. 37 | 22 | 5,000 | 0.25 08) 75 | 
REQUIREMENTS FOR REMOVING THE 


0.21, 1.0 220 
nl 0.8 200 


13 
2.27 


4 * Value of LZ used for selecting the proper diagram. »° This column is not required a appreciable pt po 


minimum capacity criteria by curves of the type of No. 4, Fig. 23; therefore, actual volumes and depths os 
Cols. 4 to 10 for computations of te in Table 4(5) 
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— 11 5.04 | .... = 027 | 1.0] 180 | 2 
(0.53 |... | 202 | 255 0.32 | 0.8 | 160 ue 
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kinc Curves Nos. 2.2 ror PAVED ARE AS AND 1. 61 FOR TURFED ED AREAS) 


Paved |_ fa 


areas, tan, per 
Col. 2 | Bare,| Turf,|Col. 5] x Cols 


(16) | 17) | a8) (19) 2) 23) 
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9) i Is permissible. ¢ Cubic feet per second per acre of drainage area. 4 These values were determined e 
design storm would be somewhat less than the values indicated in Cols. 6 and 9. *See Table 
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) | 28 ]....1 36] 64] 16 2.9 10.2 4 
| 12 |....] 38] 5.0] 417 Be 1 30 
0 q (35) 17 | 16 7.5 20 = 
| 87 43] 8. 8 | 15 | 30. 7 13 
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eciable _ 


and without ponding of ranoff may compared for the same 
conditions, the d drain-inlet layout presented in Fig. 26 and the design storm 
‘eriteria ‘used in the sample ‘computation | given in Table were used in 

_ Tables 4(b) and 5(b). 7 A comparison of Tables 5(a) and 5(b) shows that the 

maximum flow is about 189 cu ft per sec - without ~~ ponding a as 

% compared t to 57 cu ft per see with ‘supplemental ponding, = ae 


“TABLE Capacity OF F UNDERGROUND | DRAINAGE; LIne C, 


‘Point wr or Deston Criticat RunorF Time,* MINUTES” 


from: Critical | Critical 


Assumed 

Main ft per see | preceding | lated +Col.8 | 
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Sends 


(b) = DNDIN 
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1 | 11) 
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16 | 3,6 
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capacity necessary ieinicia the instantaneous runoff system. This apparent saving 
is somewhat tempered because of the slightly increased grading costs. > How- 
ms it can be shown that a considerable saving will result where asian 


surface ponding is used. 


ee 


4q The he facilities required reasonably adequate drainage of an airfield | vary 
4 greatly and cannot be defined precisely. Within the 1 range of economic feasi-— 


Ustna Curves No. 2. 2 FOR Pavep Arpas AND No. 1.6 ror TURFED AREAS) 


RaTE OF INFLOW INTO UNDERGROUND Dnratns,® 1n CuBic Freer Seconp, CORRESPONDING TO 
VALUE OF F te ADOPTED (Cou. 10) ror INLET NuMBERS: 


16 | 15 14 | 13 10 7/6 2 | | Total 
age) | 12) | 3) | 4) (15) (16) (17) | (18) (21) | (22) | (23) (24) (25) | (26) 


“69 
69 
6.9 
6.9 
6.9 
6.9 
6.9 


9 
9 
9 
9 
9 


~ 


w 


10.5 | 6.7 
10.5 | 6.7 


> Bonen: 


pee in Cols. 11 to 25, Table 5(a) Table 4(b), the dis e values used in Cols. 11 to 25, Table 5(b). 


bility, the design capacity of the drainage systems should be adequate to re- 
move surface runoff from the selected design storm without damage to field 


lacilities, undue saturation of subsoil, or significant interruption of normal, 
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rainfall: intensity- ‘standards provide | a 
degree of accuracy: for airfield problems. 


surface for temporary storage of from high intensity storms of” 
short duration will provide a a balanced and economical design consistent with - 
the selected design s storm rainfall. The experience to be gained in the opera-— 


; tion of the drainage systems of airfields 1 now completed should furnish data for 


his assistant, A. Cochran, M. Am. Soc. Cc. E., under the of 
oft Chief ‘Eugene Reybold, M. Am. Soc. Corpe 


; “and have been issued to the field forces of the +e of Engineers for guidance 
in the design and construction of airfield drainage systems. . Appreciation | is | 
expressed for the assistance of engineers associated with the writer i in the Office | 


of the Chief of eee and i in the various field offices under the Chief of 
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vay a 27 By SAMUEL A. GREELEY 


‘Samuen A. M. Am. Soc. C. E.°*—The discussions of this paper 
have covered a considerable Tange. — _ That submitted by Mr. Adams i is a good 


record of a | practical e experience in the accomplishment ofs sewage treatment ona : 


developing better methods of ond financing projects. 
Mr. Smith describes the procedure followed | in determining the method of 
financing the Detroit (Mich.) sewage disposal project. “He. calls attention to 
one matter of importance and that i is the approximation of a two-part rate in 
- ‘dah one part is designated as a charge for usage based on metered water con- 
- sumption and a second part is based on the financing of general obligation bonds 
by a property charge or tax. __ Sometimes 1 this division approaches an equitable 
distribution of the cost and should not be overlooked. 
Moore describes 1 the successful | organization ¢ of ai small sanitary d district. 
There undoubtedly localities where a small sanitary district meets the 
_— Tequirements; but it seems likely that, in general, the duplication of govern- " 
mental units for small populations i is not desirable. a. 
ae Mr. Kingsbury gives a clear illustration of the effect of the ame of bond and _ 
| method of f borrowing on the annual co cost illustrating, for for instance, the Fixed - 
between an equal total annual cost and § an equal } per capita annual cost. Fixed 
charges of this kind should be related to the annual sums set up up for depreciation 
and the method of allocating major Tepairs or replacements a as betw ween capital 


and operating accounts. - . Consideration s should also be given to the lower total 
expenditure in dollars with serial bonds as compared to sinking fund methods. 
Presumably the serial bond maturities and interest rates can be adjusted to 
approximate equal a1 annual total amounts. F requently, howe ever, general 


_ Nots.—This paper by Samuel A. Greeley, M. Am. Soc. C. E., was published in December, 1942, 
Proceedings. _ Discussion on this paper has appeared in Proceedings, as ‘follows: December, 1942, by Messrs. — 
‘Milton P. Adams, and Hal F. Smith; April, 1943, by Herbert Moore; May, 1943, by Francis H. "Kingsbury; a 


“and September, 1943, by A. Brinton C 
= mber, rinton Carson. 
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ON SEWAGE TREATMENT FINANCE Discussions 


_ stitutional or charter provisions li limit the choice, and the type ‘of Recsowting g 
_ cannot be arranged to meet favorably different local conditions. ae | - 
The discussion by Lieutenant Carson is of marked interest and describes a 


procedure for an ideal design in organizing and financing a sewage treatment 7 7 7 
project. ‘The first seven sections under “Organization” relate primarily to = 
the determination of the extent, area, and need of a romped district. a In ; 7 
this: ‘connection, attention : should be called to Chapter 112, Laws, Session of j > 


1910 of the State of New v Jersey. 4 Paragraph 2 of this chapter authorizes 
governing bodies of any two or more municipalities i in the state to unite and 
jointly cause to be made at their joint expense, by e competent engineers, surveys, 
maps, plans, reports, and estimates of proposed w works. ‘This i is a good method 
and should be used more widely. In the Ww riter’s | opinion, the comments | by — 
Lieutenant Carson on methods of financing are somew hat limited, as full con- 
a sideration is not given to the difference between systems handling sanitary 
sew age only | and t those with capacity for storm sewage as well. His description | 
and outline of an ideal procedure, however, is very stimulating. Reendeew 
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DISCUSSIONS 


DETERMINATION OF | KUTTER’S n FOR SEWERS | 


PARTLY FILLED 


‘Frank Jonson, a1 M. “Am. Soc. C. have added some 


information on the variation of Kutter’s n for conduits partly filled. This 
3 i information relates largely to conduits ¢ varrying clean water, rather than to 


sewers; and to laboratory experiments, rather than to field measurements. As 
4 previously stated by the writer, such information affords a valuable guide for _ 
in: ‘sewerage computations, but cannot be used without modification. 


Professor Camp expresses regret that. “the opinion n is SO W widely held that 


- measurements made in pipes carrying clean w vee! are not applicable to the flow 


of sew age. Such is not the | case for clean sewers.” ’ The writer is of the opinion — 


that there is no such thing | as a “clean sew er,” even though there are sewers 
which are free of deposits and soliennuhs _ The nature of sewage is such that the 


sewer walls are inevitably affected over a period of years after the sewer is 
put i in u use, the walls acqi acquiring a surface different from that found in a conduit. 

carrying clean water. This surface condition, Tather than the ‘suspended 

matter i in the sew age, is w hat affects the flow in a sewer. _ The flow pattern | in 
‘a sewer would probably be substantially the same for experiments made with | 
clean water flowing in in the sew er as for those made with sewage. . Professor 
-Camp’s 8 study of the ratios of friction factors for r various depth- diameter ratios 
‘is of considerable intcrest. 


air. This conclusion was quoted from another published 
Mr. . Coulter’ s explanation of ‘the variation of n is of interest, and the y writer _— 
no quarrel with it. a Howe ever, attention is again directed to the fact that the 


Richard G. Coulter; and 1943, by C. E. Ramser. 
Chf. Engr., Commrs. of Sewerage of Louisv Louisville, Ky. 
21a Received by the Secretary December 17, 1943. 
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JOHNSON ON KUTTER’ S sewers _Dscussions 


flow in sewers is er to some degree by the peculiar condition of the walls, 
as ) wen as by factors affecting other conduits. 


‘The data ‘contributed by Mr. Ramser are ranging as they 
aon a condition of | the conduit being about « ‘one fourth filled | to com- 
pletely filled. 


In conclusion, the writer urges that additional field measurements be made 
in sewers partly filled, to supplement the meager information on this subject. 
= on laboratory and other measurements made 


conduits carrying 
clean water is not entirely satisfactory for — work. 1 
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CHARACTERISTICS OF “HEAVY RAINFALL 
~NEW MEXICO AND ARIZONA 


Ww ae ity 


WALTER B. SCHULEEN 


be 


W. ALTER B. LANGBEIN,”! * Assoc. M. Au. Soc. C. E.™- general, rainfall 


regimes for engineering purposes are completely prion only by evaluation of © 
depth-area-intensity-frequency characteristics—a fo four-dimensional 
that has nowhere been solved. ‘Merrill Bernard®> and Gail A. Hathaway,” 


frequency being omitted. Mr. ‘Yarnell’s ‘useful publi. 
cation? treats: the depth- intensity-frequency relations of “point” rainfall at 


fall. 4 In the western part ‘of the United States the st sparsity of first-order stations | 

imposes a serious shortcoming. The author contributes much toward filling ~ 

this need by incorporating information from all stations, although h his compila- 

tion is limited in turn because of this broader cov rerage to 24-hr periods. 2 Thus, 

_ he reveals an expectancy of 24-hr rainfall of 6 in. or more once in 50 years on 

the. average in Arizona, w hereas Mr. Yarnell showed nothing n more than 3.5 in. 


The deviation from Mr. Yarnell’s results in New Mexico, although appreciable, : 
Isopluvial 5 ‘are open to many kinds of errors, including 


ee. of measurement, errors of s sampling (the next 30 years might produce — 
materially different frequency curves), ‘and also errors arising from necessary — 
generalization. - Such e errors are inherent in the statistical methods available 
to the engineer and are not peculiar to Mr. L eopold’ s expert handling. — a 


_  Norg.—This paper by Luna B. Leopold, Jun. Am. Soc. C. E., was published in tree an 
_ Proceedings. Discussion on 6". paper has appeared in Proceedings, as follows: April, 1943, by Lawrence __ 
4 Pratt, Assoc. M. Am. Soc. une, 1943, by Messrs. L. L. Harrold and A. J. Dickson, and James" 
November, 1943, by Jarvis; and December, 1943, by Paul V. Hodges, Edgar E. Foster, 
V. Davenport, and A. K. 
Associate Engr., U. S. Geological Survey, W ashington, D.C. 
Received by the Secretary November 16, 1943. 
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a Statistical theory i is not at all clear even in the matter of fitting a adie 
time scale to the annual data. Mr. Leopold has: computed his plotting posi- 
tions by the California method, in . which recurrence-intervals are computed by 
the formula ~ (y being the number of y years in the series, and m, the Telative 
Equally 
legitimate i is the anid of listing i in the reverse order, in which case the interval 


7 7 in years is —*— (n being the relative rank beginning with the lowest as 1). ’ 
values obtained by the second formula are generally called ‘execedance 
“intervals A graph plotted to conform with the recurrence-interval plotting 
positions | will be higher than the exceedance-interval graph | (that is, fora given 
interval in years the former will give the higher rainfall). . % here are other 
methods of plotting?” 28. all produce graphs that lie between the recurrence- 


- interval graph and the exceedance-interval graph. A common method is th. 

‘Hazen m—05 these two ratios becoming 
numerically equal. H However, it is desirable | to emphasize that Mr. Leopold’ s 


the 50-yr and 100-yr rainfalls, are higher than 
Ww ould be obtained by an any other method of plotting now int use, applying the 


‘paper r presents a wealth of for and Fo: or 


search might profitably be made to find the effects of altitude or other mea- 


‘surable factors on rainfall intensity. The following statement, by 
‘Brancato”® seems pertinent to such an inquiry: 

_ “However, , contrary to published ‘and popular accounts, the thunder- 
storms produced the greatest amount of precipitation at the lower elevations 
and not on the mountain slopes. The most favorable condition for the 

_ production of heavy rain is the presence of an air mass with a sufficient 
amount of available energy and the greatest possible amount of moisture. 
 Orographie lifting is very effective as a mechanism to release the latent 
energy in an air mass but as the air is lifted over progressively higher 
terrain the total amount of available precipitable water above any given 
area becomes progressively smaller. Over the lower level areas therefore 
there is always more potential rain waiting to be released, but the oppor- 
_ tunity for realization occurs less frequently than at the higher elevations 


Fig. 9 shows results of averaging groups of stations : of like altitude for the 
"summer in Arizona. — The graphs show that, on the average, rainfall intensities 
are greatest in the range of altitudes between 3 000 ft and 4,000 ft. The: 
in expected intensities at high altitudes is especially noteworthy. 


Furthermore, the spread between the 5-yr and 50-yr recurrence-interval graphs 


aT “Statistical pearwnny: in Hydrology,” by L. R. Beard, Transactions, Am. Soc. C. E., Vol. 108 (1943), 
28 ‘*On Serial Numbers,” by of Mathematical Statistics, Vol. 14, No. 2, June, 
29**The Meteorological Behavior and Characteristics of Thunderstorms,’ by G. N. Brancato, 


_ meteorologic Section, U. S. Weather Bureau, April, 1942 (processed). il 7 
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is the same at both These relationships probably result 


=, thunderstorm at due to ‘created by 


f Feet 
> 


so 


3 
3 


24 Hour Rainfall, ‘in Inches 


DY OF BETWEEN AND Expecrep 24- Hr 
Ramvats or InpIcATED RECURRENCE INTERVALS _ 


These ideas are further explored Fig. 1 ‘There is is a 20% , difference 

"between the ‘ “summer” ’ and the “all-year” at altitudes higher than 

_ 6,500 ft (see Fig. 10(a)), ‘indicating that non-summer rainfalls are important 

contributors to storm intensities at high a altitudes. At stations below 1,100 ft 
(Fig. 10(b)) the spread is much less, especially at the upper end. nt At tow alti- 7 
_ tudes in Arizona, the e characteristics of rainfall intensities are seemingly domi- 7 
nated by ’ those of summer. The. difference in slope of the high- altitude and 
low. -altitude graphs indicates a greater: range in expected intensities at at 

_ altitudes th than at nigh altitudes, as already has been mentioned. 


January, NEW MEXICO AND ARIZONA 
y j is greater at low altitudes than at high altitudes. — Indeed, the indicated 50-yr or 
- | rainfall is greater on the average at altitudes below 1,000 ft than at the 7,000-ft. 4 
y 
of critical storms at low levels, the resulting intensities are apt 
/ _ to be greater because of the greater amount of precipitable moisture in the air ; Se pm 
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outlines two influences on the intensity of rainfall produced 
ina thunderstorms: (1) Lifting forces, and (2) amount of precipitable moisture. | 


Altitude is a measure of the lifting indigenous to a station. es ‘It would seem that, 
for Stations at the same altitude, mean seasonal or annual precipitation might 


furnish an approximate measure of such meteorologic and local effects as are 
indicative of precipitable moisture. Furthermore, comparisons of intensities 

at stations having the same mean seasonal or annual rainfall would provide a . 


__ basis for study of the effect of altitude separately. These studies are made 
simply by means of a multiple-correlation chart. 

- Table 3 does not list mean summer precipitation, and therefore ‘ “all- “year” 
4 data have been used i in this correlation. ns Altitude and mean annual precipita- 


- ‘tion have been correlated with ‘ ‘average of maximum 1- day rainfall” for “all 


de, in Thousands of Feet 


-24—-Hour Precipitation, in Inche 


10.—Compartson or AVERAGE CuRVES FOR SUMMER AND EAR, | 
ALTITUDES Betow 1,100 Fr anp Asove 6,500 Fr, ARIZONA 


year.” Separate correlations need to be made for each recurrence 
interval as well. For the longer ieee vals the correlations ‘become 


Diagrams were on which were plotted altitude as 


was written plotte On this background of points, s, contours 
of equal mean annual precipitation w ere drawn. The resultant contours are 
in Fig. 11 for Arizona and New Mexico, mean n error 
of estimate i ‘in Fig. ‘Al(a) i is 0.15 in., and i in Fig. 11(6), 0.20 in. The decrease i in 
a - rainfall intensity with altitude, mean annual precipitation constant, i is to be 
a a noted. Also, for a given altitude there is a marked increase in rainfall intensity 
4 


with increase in in mean similar to ‘Fig. 


an annual precipitation are known. 
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Mean annual precipitation ¢ can be interpolated from isohyetal maps m 

‘if: ‘necessary on evidence given by) native vegetation. 

~ Any generalization, whether by graph or map, however, would be: subject to 
wae variation because of the great naiieatani in relief i in the mountainous 


> 


2 


Altitude, in Thousands of Feet 


% 


Average of Maximum Annual One- Day Rainfalls, in Inches" 
Fra. 11. pellieiiaiineas oF ALTITUDE AND AVERAGE OF Maximum ANNUAL 1-Day 
RAINFALLS IN TERMS” OF ANNUAL AL PRECIPITATION 


and parts of of ri rainfall 
the best and only reliable guide to storm frequency and intensity. As Mr. : 
- Leopold states, caution is imperative in transferring the results to locations 
distant from the place of observation, ‘especially if the topographic ¢ setting or _ 
“orientation with re respect to the moisture- ~carrying winds is markedly different. 
EMIL P. ScuuLeen,” Assoc .M. Am. Soc. C. E. making available to 


ice engineering = prefemion the results of his extensive study, the author i is to be 
commended. A great amount of the detailed work involved in his analyses 
"apparently was done by a “number of workers from the Work Projects Ad- | 
ministration. The author was fortunate i in having had such assistance at his 
‘disposal. The writer wonders, however, if (as is sometimes the case when 
assistance is available in 1 abundanee) ‘dav work has not been reduced largely — 
bo mechanical procedures with efforts directed toward volume rather than 
‘teliability. In this respect he has to the extensive 


* Senior Engr., U. S. Engr. Office, Pittsburgh, Pa. 
Received by the Secretary November 26, 1943. 
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results summarised ‘Table 3, which y will be discussed further in later’ 


The section on “Seasonal Distribution of High Rainfalls” ‘might well have 

followed immediately after the section on “Storm Types,’ ’ for these tw wo 

_ tions, together with Fig. 2, provide an execilent treatment of the relation of, 

jane types and topographic relief to the intensity, geographic e distribution, 


and seasonal oc currence of rainfall in th e various parts of the | area under 


consideration, 
a In the last paragraph under the headin g, “Aerial Pattern of Summer 
Storms,” Y it is implied th that the depth- “area data given in Table 1 are but a few 
samples, and that other similar data are available, although considered 
adequate to indicate depth-area-time patterns: for design purposes because of 
w 
the lack of definite information concerning intensities. s. Apparently the limita- 
tion: on the use of the available data for making such analyses applies primarily 
_ to the case of small areas where rainfalls of a few hours duration would govern 
‘design requirements. Would not the available data, howe ever, permit analyses: 
for larger areas where rainfalls of 1- i-day or (24- hr duration would be important? } 
Data of that nature, separated i in accordance with the summer- type and winter- 
types orms, W ould provide a valuable addition to the au author’s paper in the 
“interest of design storms and floods for larger drainage areas. i Oo 
In the first paragraph under the heading, “Rainfall Intensity,” it is indicated 
that the mass curves in Fig. 1(a) represent the most intense rainfalls ¢ on eed 
at recording - gage stations i in New Mexico and Arizona. _ In the second para- 
d graph of this ‘section it is indicated that the > points 1 in Fig. 166) were | obtained g 
from. the records of standard non-recording rain gages where the times of | 
- beginning and ending of rainfall had been noted by the observer. The writer is 
not familiar with the available data, but sugg zests that it may have been possible. 
to develop reasonably ¢ accurate mass curves for some or many | of the 72 storms 
represented, | by comparing the r records from the non- -recording ‘Stations with 
those from recording stations in ‘the vicinity and by comparing : the times of 


and ending of rainfall respective stations. This analys ily 


“curve sh shown i in ge This gro curve, , therefore, would » serve as te 
mass ¢ curve for the design storm, if the project’ to be “designed for the 


‘The author states that the frequency data g given in Table 3 are, based on 


records for 15 y years ; or more from standard non-recording rain gages, , and that. 
in afew instances shorter re record periods were u used. _ There ‘is reason to question 

the reliability of frequency determinations for or intervals c of as many § as 100: years” 
when the studies are based on records for as few as 15 years. Most extensive 


rainfall r records indicate tendencies for aw variation | with alternate — 


therefore, may not vadieal truly a average conditions. _ There is also the possi 


; bility i in the use of short records for one or two abnormal or subnormal values | 
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January, 1944 SCHULEEN ON NEW MEXICO AND ARIZONA 101 
to warp the owen tendency of ther remaining data. _ The author has recognized 
this possibility by his reference (see heading, ‘ " Frequency of High Rainfalls”) 
: _ to “aberrant points in the upper limits of the series. ” It is noted also that in- ; 
cases the rainfall values w vere hr values’ based on. the observer’s 
| oe with respect to the time of beginning and ending of rainfall, which in 
some instances indicated a total lapsed time of considerably less thea 24 hr, 
whereas in other cases the values were ‘1-day values” as obtained from con- 


 -—in regular daily observations. It is noted further that, where rains 
- continued through two or more days, the largest amount ere for one eday an 


difficult to adil, affect the reliability of the results. 

Iilustr ‘ations of apparent inconsistencies in results may be had from a a study 
of the rainfall values for various frequencies | given in Table 3, in conjunction 
with reference to the relief maps of Figs. 3 and 4. _ The writer has selected two 
‘instances as as examples. The first of these involves a comparison of the stations - 
at Tatum and Prairieview, N. Mex. These two stations differ but 125 ft in ; 
elevation and are only 10 or 12 miles apart in an area where the topographic 
relief apparently is uniform and similar, yet the 50-yr value for the first is 
almost: twice that for the second, The second instance involves a comparison | 


of the stations at Palo Verde, Roy, Solano, Hoosier Ranch, and Mosquero, in 


New Mexico. These stations range from El. 5579 to El. 5884, an over-all 
difference of 305 ft. _ All five stations are located within a radius of 6 or 7 miles” { “ 
in an area which, from Fig. 4, appears to be relatively uniform and similar in 


topographic reliet: yet the 50-yr rainfall values range from 3.77 to 6.80, an i 
over-all a of about 80%. Two of these stations, Palo Verde and Roy, —_ 


elevation by. te 4 ft, yet the 50-yr rainfall value for the second is more than - 4 
30% greater for the first One might expect t that rainfall frequencies 


are | ‘not apparent in Fig. 4, that are of extent 
_ to explain the differences in the rainfall frequency values given for those sta-_ 
tions in Table 3. ifm no such explanation can be found, these differences must — 

be attributed to inconsistencies i in the basic data or to the method i in whic hich the : 


data have been applied to obtain the results. 


In commenting on the fact that Table 3 indicates certain ‘stations to have -—& 7 
the same 24- he veintell ox expectancy at a given recurrence- -interval for summer as — 
for the entire year, the author makes the statement that (see heading, “Fre- a 
quency of High Rainfalls”) “This simply indicates that that station charac- 
received the largest 24-hr rainfalls in ‘the summer period and, 
therefore, the | recurrence-interval curves for summer and all year would be 

practically identical.” is recognized that this n might be true in 


¢ but i in | others iti is difficult tot understand rie it should | be true with respect to to 


hes Same general topographic setting. Referring again to the stations at 
Tatum ; and Prairieview, Table 3 indicates the 50-yr values for the former wo 


be 7. 70 and 8.00 for summer and all year, respectively, whereas in the case of 
latter both values are given as 4.08. Unless nless (as in the first com- 
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( parison of these two stations) there are topographic features, not ‘apparent i in 
_ the relief map, that affect one station and not the other, it does not appe: ar 
reasonable that the greatest rainfalls | characteristically should occur in the 
summer at one station and during the eye seasons at the other. an 
— Under the heading, “ Isopluvial Maps,” it is stated that * “The small areal 
_ extent of high rainfalls occurring in summer- type storms is a factor leading to. 
differences between stations | since high- -intensity, individual storm rarely 


is recorded at more than one station.” ” By this statement the author indicates : 


_ that the records in some instances are erratic. . Iti is probable also that, ins many 

instances, the greatest rainfall during a a high- -intensity storm was not recorded. 

at any standard station. here spotty rainfall occurs in a region of 


and not at near- -by station, the of the point of 
rainfall must be attributed to mere ¢ chance. Presumably, if both stations had 
long record periods, the occurrence of high rainfall values would be about the | 
_ same at each and their frequency curves would approach one another, 
The writer's comments, particularly with respect to the variable nature of 
‘ther results in Table 3, are made with the intent of calling attention to possible 

ene inconsistencies in 1 the basic data 2 and in their apy application leading 
o the tabulated results. He i is not familiar with» the topographic details of 
eo Mexico and Arizona and his comments regarding the effects of such 
dtalle on rainfall intensity and distribution are based solely on the apparent 


variations it in relief indicated by 3 4. 
1 valuable 


value would be enhanced if the results in Table 3 were densified as ‘ 
“good, “fair,” ete., in accordance with the author’s of the 
“merits of the basic dete and his results. | 
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DISCUSSIONS | 


© 
>. R. Van Drigst," 1 Assoc. M. Am. Soc C. E. ans —An excellent example of 
o- mathematical sunlyein of an en engineering problem i is presented i in this paper. 
& clearly demonstrates the procedure followed in such a treatment; namely, 
the establishment of the basic assumptions, the derivation of the fundamental 
equation describing the physical phenomenon involved, the appli- 


cation of the boundary conditions, and the finding of a solution of the differen- 
tial equation that satisfies the boundary conditions. — Furthermore, the paper — 
Presents experimental data to a. the basic assumptions and the 


assigned boundary | conditions. 
4 
The s writer is not in full accord with the derivation of Eq. 17b. |The as s- 


sumption that e, a2 = 0 does not mean that — = 0, or that there is no dif- 


- fusion of suspended matter in the z-direction. However, if it is assumed andl 


“the mean concentration is constant all a the z- z-axis, then there will be no 

_ diffusion in that direction; whereupon both =, and ‘on will be zero and | Eq. 176 


will become, for the required | steady state, — 7 


difficult to follow. "Certainly the solutions of Gene: equations : are aa 
of one another since | c in the one case is a function of x and y whereas c in the 


P ad Nore. —This paper by William E. Dobbins, Jun. Am. Soc. C. E., oT in February, 1043, 
Proceedings. Discussion on this paper has appeared in Proceedings, as follows: April, 1943, by A. M. 
7 Gaudin; May, 1943, by John 8. McNown; June, 1943, by Messrs. H. A. as and Thomas R. ‘Camp; : 
and October, 1943, by Messrs. Garbis H. Keulegan, C. W. Thornthwaite, and A. A. Kalinske. ae 
Associate Prof., Dept. of Civ. Eng., Univ. of Connecticut, Storrs, Conn. 
Received by the Secretary November 


108 
~ 


1 
7 EFFECT OF TURBULENCE ON SEDIMENTATION a 
of 
| 
1e 
of 
ple 
the 
” 
ive 
q 
* 
which of course leads back to the basic E 
—— 


DRIEST ON ‘TURBULENCE AND SEDIMENTATION Discussions 


conditions is is same as the ‘effect of the r right-hand member of Eq. 17¢ in 


an Asa mattnr of generality, it can readily be shown, ‘upon consideration of 


¥ flux of sediment into and out of a small element of volume, that the g general 


three-dimensional | equation for diffusion i in a liquid stream is given by 


i in which U, V, and W "are the stream velocities in the z- a y- -direction, 7 
and z-direction and 4 1 and £ are the settling velocity components in the 


directions of - and -2, e, it is seen that, for hori- 


76 is s the s same as s Eq. ‘17e when" w is substituted for It wil 
“that j in the one-dimensional case the concentration is independent of the stream 
“velocity. The fact that Eq. . 75 becomes th the general heat conduction equation 
wi hen &, 7, and ¢ are placed equal to zero is interesting, =” 
The author has very cleverly simplified the boundary condition at the bot- 
_—* of the cylinder by requiring constant hydraulic conditions to prevail at 
‘the bed. That the pickup, in the case of run V, for such conditions is constant 
: with time for small concentrations near the bed is probably true as can be in- 
ferred from the physical p picture, but the pickup Ww vould undoubtedly change 
‘for larger concentrations 1 near the bed because of the effect of the sediment on 
the turbulence mixing and the mutual interference of the solid particles. uit 
seems that this ; action should be somew hat analogous to that of the —— | 
_ of heat from a wall of fixed temperature to a turbulent fluid; here the eddies 
_ coming in contact with the wall carry away heat at a rate dependin ng upon the 7 
mean temperature o of the eddies ne: near the wall. The fact that the experiment: al 
ag agree closely with the theoretical we proves» the author’s choice al 
this bottom condition to be valid. 
The author should be for his perseverance and ingenuity 


accomplishing the theoretical analysis ai and nd performing the experimental work. 
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| DEVELOPMENT OF THE CHICAGO TYPE 


-BASCULE BRIDGE 
. 


Discussion 


B. McCuttovan, 10 M. AM. Soc. Cc. | development of the 

“Chi cago type’ ’ bascule structure is an n interesting and clear-cut illustration of 
the « adaptation of design types | to meet ‘special or particular local conditions. 


umerous advantages inhere- in this type, , principal among which ‘may be 


(1) Exterior of tl the av voided during operation. This 


close to the structure, especially in those relatively n: narrow 
as the Chicago River, where the movable span constitutes the greater part o 


(2) It is possible for river traffic to > approach within a comparatively short 
_ distance of a bascule structure, whereas for swing spans, craft must stand off 
“much farther on account of the difficulty in negotiating a split channel a 


swinging ng around the draw rest. 


of 
“int be be opened a full vessel regardless of its vertical clearance. 
_ _ Because of this fact, bascule spans may be. operated v with much less interference 


- to vehicular traffic, particularly in those instances wherein a great portion of 


the river traffic is relatively low-masted. 
(4) For the bascule it is not necessary, as in the case of the swing span, to — 


construct a a large pivot pier in the center of the channel - In certain locations, | 
such a pier - structure operates to deflect shorew ard ‘currents, with consequent _ 


destructive erosion along adjacent banks. 


a Note.—This paper by Donald N. Becker, M. Am. Soc. C. E., was published in February, 1943, 7 


Proceedings. Discussion on this paper has appeared in Proceedings, as follows: June, 1943, by Alonzo J. 
Hammond, Past-President and Hon. M. Am. Soc. C. E.; and September, 1943, by Messrs. Clinton D. 

-Hanov er, ir., and Armour T.Granger, — | ad 
10 Asst. Chf. Engr., State Highway Dept., Salem, 


10e ‘Received ived by the Secretary November 26, 1943. 
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Discussions 
(5) The span, “unlike the swing span, does not r require the 
‘tion of a draw rest | in the center of the channel, which construction always 
“operates: sas a serious obstruction to. the. channel and a menace to water-borne — 
6) It is possible to construct wide le roadway structures (such as are — 
sary for r traffic conditions i in cities the size of Chicago) without the necessity | 
of blocking th the channel . This condition does not always prevail i in the case of 
swing spans, for the reason that there is a definite relationship between the 
width of the ‘Toadway and the n minimum dimensions that m may be 
‘safely for the pivot pier. If the roadway width is increased beyond | a certain 


limit, the pivot pier of such dimension as to obstruct. the — 


(7) The bascule type lends itself to widening with a incon- 


venience to traffic because of the possibility of building additional oe | 


lanes immediately a adjacent and alongside the existing structure, , whereas such 


procedure is is impossible in the case of a swing span because of ‘the necessity for 
‘maintenance of § swing clearance. during construction. 


i (8) In the bascule structure (in certain types at least), the raised leaves _ 


“may be made to constitute an effective traffic barrier. This i is a tremendous — 


advantage as ; compared to . the swing span, particularly in the case of heavy, 
high- speed traffic arterials, whereon accident elimination control 


‘serious ‘and challenging problems. = 


safer from the standpoint of w traffic i in » that it the possi- 


bility of collision with the open end of the span when it is swung. | —— 
in Most. of the foregoing advantages | derive a a comparison of of the — 


cable when such type is compared with the vertionl lift. In stiles, it ap- 
pears possible i in the case of the bascule, particularly t! the double-leaf design, to 
develop a a greater degree of esthetic or architectural excellence than in the 1 
of either the swing span or the vertical 
foregoing items constitute the principal 
bascule le type, some of Ww hich were mentioned by Mr. Becker. 
The: paper covers the o origin n and development of one specialized form ie 
bascule, which has justly been denominated the “Chicago type,” The his- 
torical development which he traces is most interesting. _ Of special interest 
to engineers is his mention of the internal rack (heading, “The Improvement 
Period”) developed by Mr. von Babo; the utilization of transverse trunnion — 
"girders; the gradual development ¢ of ne a counterweight material; the 
utilization i in one instance of an operating rack attached to the side, instead of 
7 _ ‘in the plane, e, of the e truss; the utilization of roller bearings in lieu of phosphor- 
bronze bushings; and the use, in one instance, of hydraulic motors. + eel 
_ The . Chicago type represents a particular adaptation to meet the onogamil 
imposed by local conditions. entire ‘movable ensemble 1 rotates es about one 
single tr trunnion. In comparison with the multiple-trunnion types, this devel- eT 


opment - presents | ‘the advantage of simplicity in construction and at the same 
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January, 1944 MCCULLOUGH ON CHICAGO ‘BRIDGES 
time operates to reduce to a minimum the number of parts needing lubrication. 
i compared to to the Tolling lift type, the Chicago type c concentrates. the center 
of gravity at one fixed point during all phases of the operation. This: type also 7 
‘discloses. certain esthetic advantages as compared to most of the other types in - 
“common use. use. J As mentioned by Mr. . Becker, it is possible through the utiliza- 
tion of an arched lower chord, a full deck structure, ‘and an appropriate archi- 
: : tectural treatment of the operators’ houses to produce an ensemble much more 7 
. pleasing than is generally possible i in other types. Fig. 21 is a view of a struc- 
‘ture i in this category which spans the Siuslaw River on the Oregon Coast High- 
way. Iti is illustrative of the possibilities in double-leaf simple trunnion bascule : 
design in “combination reinforced concrete » approach construction. The 


flanking approach | spans of this bridge are 154-ft reinforced concrete bow 


Fra. 21. —150-Fr ELECTRICALLY OPERATED Dovsue- Lear BAscULE SPAN AcROss 
Srustaw River on OrEGON Coast Hicoway 


- other a advantage inherent i in the Chicago type is the facility with which 


- the raised leaf, in single-deck structures, can be converted into a traffic barrier. _ 


Fig. 22 is a line drawing of the! shorew vard ¢ end of a Chicago type span showing 


location of the trunnion, in reference to the break in the roadway floor. 
} JW ith a fixed total angle. of opening, ¢, the clearance C between the fully raised — 
7 leaves s and the fixed roadway deck “may be varied simply by ‘moving the road- 


Way break fore fore or aft along the longitudinal . axis of ‘the deck; in other words, 


simply by vary varying ig the angle 6 as indicated. Inv view of the « difficulty i in safe- 
guarding the « operation o of modern high- speed ed highway traffic, a positive barrier oa 
of this kind presents an advantage that cannot be overestimated. 


- A most important feature in the design of bascule bridges i is that of con- 


trolling the sequence of the various events that compose a 
In general, , Such ha cycle ee the following incidents, Ww rhich should occur 
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(1) Operation of warning lighta, signa, or signals; 


(2) Closing of remote roadway gates, if any; 


7 (8) Closing of near roadw ay gates, traffic barriers, anil the opening of : 


Unlocking the leaves; 


(5) Opening the span. 


Clearance May Be Raised as. 


— Shown by Moving Floor Break 
Forward from Point B to 
2 LB >< Clearance 


Trunnion 


Sway Frame 


a 


(3) Raising the tre traffic barriers, near gates, and closing the derails if an any; 


Raising the remote | gates. 

fi _ The warning signs or signals may ¢ consist of bells, ‘sirens, or whistles for 
the purpose of an audible warning, and the use of lights : and semaphores for 

visual warning. ‘The bells or sirens may be. operated simultaneously with the 
closing of the gates or they may cease before the gates are lowered. — ft Tn general, 

" a prolonged s siren is objectionable i in that it may « drown a out signals from river 
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“craft, for which reason it is generally the pa part of wisdom to terminate the e siren — 
signals before the roadway gates are lowered. _ However, this objection | does not 
hold in t in the case ¢ of a traffic bell or gong, \ which may be kept ringing during the 
entire e operation. of the roadwa ay gates. Lights or ‘semaphore arms may be 
interlocked electrically with the roadw ay gates in such ch manner that the gates 


cannot be operated until such lights or semaphore arms are set to “danger.” F 


_ For example, an ordinary door- -type ‘switch m: may be) cut into the gate circuit and 


i 
7 - remain 1 dead or inoperative \ until the e semaphore i is set ‘set ii in n its warning | posi 

tion, as indicated i in Fig. 23. In a similar manner tl the traffic-light cireuit may 

be interlocked to © operate a relay which closes the gate circuit w hen, and only 

Short-Circuiting Buttons 
g 


Roadway Gates Traffic Lights a and Signals, 


Snap Switch Closes Circuit as as Soon 
ce Gates are Started Downward 


To Power Lines 
Fig. 23. —MeErHop or INTERLOCKING CONTROL OF GATES AND WARNING DEVICES 

_ when, the light" cireuit is energized. It is also possible to arrange the circuits 
_ operating semaphore arms and traffic lights i in such aw way as to energize ‘such = 


circuits the instant the gate n moves from its fully open position. . Both of these 
“arrangements a and also” a system of short-circuiting switches are indicated 
schematically i in Fig. 23. In any interlocked operation of this kind, a a short- 


circuiting arrangement is necessary; « 
= - _ locking to ) interpose dangers as great as those Ww shich the ensemble is designed 


to: avoid. — _ The foregoing constitutes the essence of the first s step in 1 the elec- 
trical interlocking of operations. 


in addition to the roadway gates indicated i in Fig. 23, the in installation 


-comprehends a a second system of gates (near gates), traffic barriers or or derails, 


obviously be extended so so that iti is to 
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together i ‘in or order that the structure may transfer live-load shear. This locking 

is usually accomplished by a center-locking arrangement, and, in addition, tail 
ae are sometimes t used, as described t by the author. Such devices are, in 
genera al, operated by means of a master switch or controller, and the wiring» 

. should be so arranged as to interlock with previous warning signals, gates, and 

barriers so that. such locking devices cannot be released | until all the signals, 

gates, barriers, -ete., have been properly operated and set to warning. A 

arrangement of this kind i is indicated in — 


It i is celina necessary to lock the leaves of a double-leaf bascule bridge 


34 


q tor.l oc 
Center Lock Motor | 
— 
"Interiocking with Safety Devices Which Should 


Be Operated Motor Starts 


24. —Ww TRING 3 OF CONTR ROLS on TH Cenrer-Lock Moror 

In addition to locking devices it is necessary, 
of co course, to install motors for the purpose of operating the leaves. Such 
“motors generally ar are controlled through a master switch. . 7 his. switch should 
be wired through a contact on the center lock which is closed only y when the 


ia -lock pin is fully released, thus s avoiding the e possibility of damage by 


attempting, negligently, to raise the: leaves before they are unlocked. A 


schematic arrangement of this kind i is indicated in Fig. 25. niescnalll 


- In closing, the leaves of a bascule structure are generally lowered to a seat _ 
on an outboard or live-load shoe at the stream edge of the abutment and 


_ anchored at a rear bearing, as indicated in Fig. 24, to preclude the possibility 
of live load on the trunnion. At either of these points it is possible to install — 
va device to complete an otherwise open circuit for the « center-lock or tail- lock 
motors in the “drive” ‘direction, so that these devices will remain inoperative | 
i in that direction until the bridge leaves are down, fully seated and correctly : 


the is open m position. Although this in itself is not  particu- 
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larly objectionable (since the main motor circuit is wired : circuit is V ired so as to b be inoperative : 
except for these devices fully open or drawn) there is some danger of j jamming © 
the: center or tail-locking devices by attempting to drive them when the leaves 

are not fully seated and exactly alined, except in those cases where the locks 
are designed so so as to | draw the leaves together during the last part of their — 
“movement. | ~ When the wiring is is such as to permit the operation of the center- ; 
- locking | pins with the leaves partly open, it appears that provision ‘should be > 
made for making the roadway gates, traffic | barriers , ete., inoperative when the | 


- leaves are raised, since otherwise su such gates or barriers could be raised with the 


—Lower Leaf 


Main-Leaf Hoisting Motor 


Control Lines 


Main-Leaf Master Switch] 
Master Switch Contacts 


— 


“Alternate Method te 


 Center-Lock Interlock 


Center-Lock__. 


Released Driven 


‘Center. Lock Master Switch 


‘<a A Contact on Center-Lock Master Switch Made 
When Handle is Thrown to Draw-Lock Position 


Fig, oF Main Motor ano Canren-Lock -Locx Pin 

- led through a pair of contacts, one on the center pin and the other on its — 
mating seat, then it is obvious that the leaves must be seated and the locking 
Pins fully driven before the structure can be cleared for roadway traffic. Bi met 
Fig. 26 is a schematic : diagram showing interlocking contacts at the center 
for barrier and | gate motor circuits. If the two ‘contacts are at A 
“and B, it is apparent that the gate or barrier circuit can be energized whenever | 
_ the pin is driven forw ard, regardless of the position « of the leaves, in ain. 
additional interlocking should probably be provided « on either the live-load shoes 


or the anchor columns. On the other hand, if the contacts are located at A 


and C, no additional interlock appears necessary, 
If the gate or barrier circuits are interlocked with the leaves but not with — 


the ‘he tail or center lock, it is possible negligently to permit traffic over an 'n- 
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“locked span, thus inducing live-load stresses not contemplated in the e original 


design 
In general, the sequence of all of the remaining operations should be con- 
trolled by arranging each circuit so. that it remains popen u until all of those opera- 7 
tions, which normally y should precede it, , have been completed. ce a a 
For | low-power circuits, such as those for operating gates, signals, etc., the 7 
control switches 1 may be « cut directly into the line. For the main (high- -pow er) a 
operating circuits, however, magnetic contactors should be employ ed. 
As an le of the da h locki rc 
_ As an example o the angers inl erent in incorrect interloc ing arrange- 
ments, assume that contact A in Fig. 25 were placed on the center-lock n master > 
switch instead of on the pin itself. _ In such a case, if if the roadway gates ol | 


- barriers wer were > open, the circuit to the center-lock motor would be o open and ol 


_ handle on the center-lock master switch could be thrown to to the draw- -lock © 


osition with the pin still closed. ~ Such an ar arrangement removes the safeguard 


_ Lock Pin Driven 
Lock Socket 


Control Line — Submarine Cable-— 

B 

of interlocking on the main biting motor circuit, ga 

‘negligent o operation to cause serious damage. = 

‘The foregoing are a few typical instances of el electrical interlocking on b , bascule th 

bridges. the tremendous development in traffic. densities and traffic Ye 

speeds, the provision of adequate safeguards in this category becomes increas br 

ingly important. Each installation’ obviously presents its own interlocking pic 

problems. — Sight distances, traffic speeds, traffic densities, ete., all o operate to — in 

_ modify the arrangement of details. _ Ina report covering this his phase of bascule Sel 

_ bridge design made by the writer in 1931," the following ge general features of “ 
electrical interlocking were listed as necessar 

“(1) Each control circuit should be so wired that prior — | 

must be actually and completely performed before it becomes operative. | 

a eee “(2) Interlocking contacts must be positive in action and so located as. 

oll to minimize the danger of short-circuiting or deterioration from moisture, BF 

wi 11 ‘*Electrical Equipment on Movable Bridges,’’ by C. B. McCullough, L. Gemeny, and W. R. 

1¢. 


kerham, Technical Bulletin No. 265, U. 8. D. A., Washington, 1931, p. 38. — So = 
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MCCULLOUGH ON CHICAGO BRIDGES | j 
(3) Contacts should preferably. be ma made by a spring or snap device 
- rather than by a sliding motion in order to avoid sparking and injury to 
contact points or tips, although a certain amount of wiping motion may be 
advantageous i in tending to keep the contacts clean and bright. | 
Make-and- break contacts for interlocking should not placed 
a - directly in a heavily loaded power line but rather on an auxiliary or control 
circuit wired to operate a magnetic contactor cut into the main power line. 
_ “(5) Cross interlocking of operations should be provided wherever there ~ 
is a danger due to the possibility of a failure of one phase of operation. 7 
> an ““(6) ‘Short-cireuiting buttons or switches should be provided to permit 


operation in the event of a failure of any portion of the interlocking mecha- 


(7) In general, the entire interlocking arrangement § should be as simple 7 
| 7 as possible, compact, sturdy, protected to the maximum possible extent, 
i« and so designed as to eliminate as far as possible every conceivable traffic 

 hagard and « every contingency or event that might expose the structure to 
undue stress.” 

In addition to the mai for interlocking as a method of securing the 

correct sequence of operations, it is obviously necessary to provide devices in 
the nature of limit switches for controlling or limiting the movement of the 
leaves. Thus the wiring diagram | for an electrically operated bascule structure 
It was with considerable interest that the writer noted the mention of Mr. 
| ‘Pihlfeldt (see “Conelusion”), who for many years was engineer of bridges for 
ss City of Chicago. . It was Thomas Pihlfeldt who took the writer on his 
first inspection trip over the bascule bridges of Chicago nearly a quarter of a 
“century ago and who first impressed upon him the necessity for the bridge 


‘engineer becoming fully conversant with the principles underlying electrical 


operation and contro, 


In closing, the writer wishes again to emphasize the importance of Mr. 
Becker’s paper and its value to engineers engaged in this line of specialized 

“endeavor. : The writer has taken the liberty of adding these few pages in re- 
- gard to electrical control and interlocking for the reason that this- phase was 
= covered by Mr. Becker and for the further reason that credit for many of 
“these features | belongs to the Chicago group, to Mr. -Piblfeldt, to Hugh E. 
Young, M. Am. Soe. C. E., engineer of bridge design, and to others in the city 
bridge engineering force. Never has a group of engineers more successfully 
pioneered the development of a bridge type « especially adapted to local needs. _ 
In the perspective of more than forty years, the wisdom of the early type — 


selections stands out une halle ged. 
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By C. M. GooprIicH, “AND KENNARD THOMSON 


C. M. M. AM. Soc. C. E. the di discussion of f the design of 
the Rainbow ‘Bridge “elastic theory” is frowned upon, ,and a a‘ ‘deflection theory” 
is preferred. aa Elastic theory deals with deflections, and is based on the law of 
conservation of energy, a law not lightly to be repealed or suspended. — If one 
made a blunder in a mathematical problem, or failed to find a solution in one 
particular way, ‘the remedy w ould be more mathematics. In the case of the . 


the remedy is more elastic theory, u inless indeed the elastic limit is 


ea suspension bridges w vhat 1 is here termed | “the elastic theory” is based on 


-Inanner, w , which does not accord with elastic theory. —Itw would perhaps oe more 


“nearly correct to call it the “inelastic method. 


In the very common case of a boom the dead load causes a deflection and a 

B risen yor series of moments and deflections due to the axial load; often the 

a biggest effective load on a long boom i is due to the swinging and the series of 

7 moments and deflections that come from that; the writer proportions also for an 

— inac ccuracy 0 of 1/750 the length in each of two directions. A boom 180 ft long 

" was once used to erect the towers for a lift bridge; such a boom deserves te 


spectful consideration. | ; Only three times has the writer gone . through the 


; omewhat tedious operation suggested; and the experience of others no doubt 
will be similar. This case is ‘clearly | one of limit design, like the arch. 
if “Stern’s Theory” contains something more than computing an arch by 

bits: ‘and pieces in the long-familiar way, or the investigation and cure of 
_ critical deflection, if any, it would be useful to have the procedure explained Bs 


__ Norg.—This Symposium was published in October, 1943, , Proceedings. Discussion on this paper hs 
appeared as follows: December, 1943, by Egidio O. Di Genova, and Charles Mackintosh. __ 
2 Cons. Engr., The Canadian Bridge Co., Ltd., Walkerville, ' Ont., Canada. — 
24s Received by the Secretary November 27,1943. 
- «9A Deflection Theory ¢ Se Arch Ribs,” by G. Stern, thesis No. 516, Dept. of Civ. Eng. 


Columbia Univ., New York, N. Y. (a résumé aworee theoretical studies made at the Technical _— of Vieni ienns 
Austria). 
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ee to the Study of the Action of the Closed veg the method of the 

elastic centroid “ ‘was presented by H. Miiller-Breslau in 1925. al The writer’s 
- first ‘acquaintance with this Miller-Breslau method was shortly after 1910, 
the late David A. ‘Molitor, Am. Soe. C. E. published” a very clear 
and complete explanation « of its use for fi: fixed arches. His work containe also 
an interesting case of its use in a 
problem with two redundants. The 

centroid is also called “center 

of instantaneous revolution,” ‘a since 


hinge”; this is the name for like 
devices used in several problems by 


fixed arches may r be figured 
a modest extension of the two 


area-momen 
1873 by the late Prof. C. E. Greene, 


Am.Soe.C.E. Oneneed only bear 


in mind that i in most wo 51 


pression means the s statical moment P. 


on 
bolic (ofa series of areas about either of | 
more two axes; Or, , when m a unit 
‘ment, the sum of these areas. 

and arch may be divided into 
n the any. number of segments n, prefer- 
ies of ably ¢ agreeing with the changes in — af 


for at arch section (see Fig. 3 39(a)). horizontal axis 
ng through pointO: 


in which in to the Symposium ation): k _» are 


ie ‘Kinetic ipmrg | of Engineering Structures Dealing with Stresses, Deformations and Work for the 
se of Students and Practitioners in Civil a ll by Dovid A. = rn Hill Book Co., 
4ne., New York, N. Y., 1911. 


“Vorlesungen iiber Mechanik,”’ by Foppl, ‘Leipzig, 1912. 2 
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m-areas in to the and vertical unit dummy loadings, 
respectively; 9 = vertical distance from a horizontal line through O to that 


7 point in the arch intersected by « a vertical through the centroid of the m moment 
= area with which y is used; l= = = length of the horizontal projection of section n; 


= axial section to G and C = the M-area in. 


b+ + V 


i in which &: = the horizontal distance from O to § a vertical through | the centroid 


of the moment area with which it is used. Finally, summing areas: 


kA + dar + VO kB+ MEL— 
computing the deflection (say at point 2, Fig. 89(a)), consider the tangent. 


at that point to be unchanged, and “compute the movements — 0 and 7 
~ relative to point 2 . For a horizontal movement at 0 relative to 2: 


kl Ci, 2 ka, 29...( 
vu 
|The | equations: for the other side would be ‘similar except that the 
would be measured from the right and the | y-v values from point 7. For the 
es - hinged arch, omit the Mo-terms and Eq. 37c. For temperature use Ep 


in Eq. 37ainstead 
Clearly the foregoing method is adapted to finding the first and sec second 

Novag 
en » changes, « or to checking the result of an ‘assumption. — This ignores, of 
course, the effects of shear, of possible variations i in material and workmanship, 

of the yielding « of steel conerete and rock in the bases, of splices, and of con- 
“necting members. Mr. Molitor considered the base as yielding. © It would be 
interesting to know what, if any, measurable displacement occurred in the 


length of the Rainbow Bridge arch. 
_ _ The writer would have preferred s straight segments in the arch, as being 

cheaper and without unrelieved stresses; he believes the esthetic effect would 
— q have been equally good, due to the fact that the eye sweeps” 8 over such a figure 

ina curve, , as shown in psychological laboratories by tracing the movements o! 

the eyeball. As camelback with say three straight segments in the top ¢ chor 

is ugly 5 with say seven or more it is pleasing, because the eye passes over the 

top | chord in a curve. . The mass “of the arch is of modest size relative to the 

mass of the roadwa ay as seen at an angle; the connections between the two are 


too slight to effect an esthetically satisfying unity. 
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or 


Kennarp Tomson,” M. Am. Soc. C. E.%—It is a pleasure to read i in 
the first Symposium paper (heading, “Preliminary Studies”) that the engineers’ 


nt Besscesidy that such a structure should “blend with the natural beauty and 


my grandeur of the Niagara gorge.’ < The Rainbow Arch Bridge i is the fifth to be 
in. erected at at approximately thi this site—probably the only case of of so many ta-sap-eeedll 
O: of an iron or steel bridge in . America. . The first three were undoubtedly iron 
bridges and the last tw two ‘steel: 
No. 1—A sus suspension bridge, 10 ft wide, was opened for traffic on January 2, 
(1869000 
No. 2—A suspension n bridge replaced No. 1, with a width of 17 ft. This 
37b) oe bridge was finished on December 15, 1888, and blew down on 
January 910,188, 
_ 7 No. 0. 3 _No. 2 was rebuilt also as a suspension bridge, 17 ft wide, i in 1889. — 
roid No. 4—A steel arch replaced No. 3, and was completed i in August, 1897, 
> destroyed by ice on January 27, 1938. 
= No. 5—The Rainbow Arch Bridge, as described by the authors, Was s opened 
traffic on November 1, 1941. 
_ The late John A. Stewart, in . 1911, acting on his own initiative, invited a 
gent _ group of Americans and Canadians to celebrate the 100th Anniversary of the 
und 7 | "Treaty of Ghent—100 years of peace between the two countries. He had 
” oa ‘many prominent men on his Commission, including: Joseph H. Choate, Jacob 
- AL Schiff, Gutzon Borglum, the great sculptor, Sir Edmund Walker, president 
7 of the Canadian Bank of Commune. (w ho was the most outstanding Canadian 


+ (38), banker of his time), and many others. : He also honored the writer by asking 
him to serve and to design two beldaee for the event. The first World War 


or the ult 
Ep Bulfalo, N. Fort Exie, Ontario, the oer: was to replace 


“4 Beans 4, at the site of the Rainbow Arch Bridge. At that time bridge No. 4 was 
known to be inadequate and unsafe, and the thought was that a bridge built ; 


second 


res, of -tocelebrate 100 y years of peace should endure for several hundred years—which , 
anship, no steel bridge, at this site, can ever do, unless a far better paint is developed - 
a 
of con te resist the spray from the falls, the i ice, ete. ic. The writer - proposed : a heavily =< 
ould be “reinforced concrete arch, with granite facing (see Fig. 40). The Buffalo 
in the Bridge, built by others, had the os same number of of spans, and 
similarity 0 of outline as the writer’s plan o of 1911. sewers 


s being Ww hen the writer spoke to Sir Edmund Walker about these proposed bridges, 
t would § he said that he w would not be i in in favor of bridges; they were too wremeredl 
a , figure but, when he was shown photos o of paintings « of the writer’s two bridges, ih 
nents oi said id at once, “Oh, that i is different— —they are beautiful. ful.” W hen Mr. ‘Stewart 
p chord showed the two paintings—one ne 5 ft and one 8 ft long—to Mr. Schiff, he at — 
over the p onee t told Mr. Stewart: a ou cannot get up plans like those without money,” 7 

e to the F and voluntarily gave Mr. Stewart his personal contribution, a check for $5, 000. - - 


tw e 

Cons. Engr., New York,N.Y. 
Received | Secretary December 9, 1943. 
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we 


BRIDG 
Ate a , subsequent luncheon, , attended by about forty people, one of the most 
prominent of the New York that suitable plans: 


should be prepared (he we 


shown two and ‘he om have the 
plans already,” and lost interest in the > subject. This is a good example (many ; 


others ca be cited) men in other are more in 
_ knowing what to charge for their services than most engineers are. It also 
4A shows that it is well worth while to have simple but beautiful outlines for all 
Simplicity of design gives beauty w ithout expense; whereas much intricate 
filigree work is very saat and not so beautiful, as exemplified in many 
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SOCIETY OF CIVIL ENGINEERS 


USSIONS 


EDWARD H. 


‘rather has been an surprise to The 


purpose of the research was to 
the degree to which physica ca al laws can be applied to 


the situations 18 devised, rather than to discuss the p roblem of turbulent a 


2 detail. | Them mixing ig problem is essentially complicated, and thus should be 
approached fro from a consideration of pressure an and momentum. — If it is possible 
to write down correct expressions for the pressures and momenta at the bound- 


aries of the p process in question, the intermediate details can be disregarded. 


Mr Mr. Palmer suggests that the problem should be studied from the stand- 


point 1t of en energy loss rather than from that of change of momentum. This would - 
--Tequire knowledge of the mechanism of energy loss, which was not contem- = _— 
plated in the original studies. Thus, in the absence of theoretical considera- 
tions relating to these losses, idl an approach wo ould seem to ) require greater 


recourse to empiricism than had been intended. 
of 


In raising the question of evaluation of the p pressure force on the walls 
‘the k branch channel, both Mr. Hickox and Mr. Stevens have accurately stated 
the chief source of disparity between the experimental r results and the equa- 


‘tions. _ The e measurements substantiated the e assumption o of equal depths above 7 


‘ the junction; but this, of course, disregards wall pressures arising due to: curva- 


“ture of flow in the branch betw een the junction an and the point of measurement — 
of depth. The writer now recognizes es that failure to Measure the st static pi pres- 


— 


= in the region constitutes an important om omission. ie yary on AR. 


 Norr.—This paper by Edward H. Taylor, Jun. Am. Soe. C. E., | was published in November, 1942, . 
- Proceedings. Discussion on this paper has appeared in Proceedings, as follows: June, 1943, by Harold K. 
Palmer; September, 1943, by Messrs. G. H. Hickox, J. C. Stevens, and C. J. - Posey; and naan 1943, eo 
- Messrs. I. B. Hosig, L. Standish Hall, and Brooks T. Morris. _ 


ees Washington, D. C.; formerly Instr., Mech. Eng., Univ. of California, Berk: ete Calif. —- 
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“TAYLOR ON FLOW AT CHANNEL JUN UNCTIONS Discussions 


‘Mr. = ens brings up the same question in connection 1 with pipe. inter- 
sections. In the article he cites,* the pressures are assumed uniform « over the 
cross sections immediately upstream from the junction. In me: ysure- 
ments” made at the University of California on a 90° pipe intersection, this 
factor was inv estigated - Itw as found that an apprecial able lateral pressure 

gradient existed in the branch for some distance upstrea um. This is due to the 
fact that the flow in the branch does not change | abruptly on reaching the 
junction, but starts to curve while it is yet in the straight part of the branch. 


This section of the flow system is included in writing the equations, since at its 


of summation which cannot be accounted for by elementary 1 methods 

7 _ Profes sor Posey correctly states that no consideration has been giv ven to_ 
eases involving flow at less than critical depth. The same funds umental 

would apply to such eases, although the pr ms naintaining s super- 


original studies. It is gratifying to have Mr. Hosig’s testimony that these 
results are not entirely academic. 
a In his examination of the momentum equation, Mr. | Hall ha reached | 


ertain conclusions which are not ‘correct, _and at the risk of a appearing iii. 
é the writer wishes to point out the errors: involved. — Mr. Hall finds that ‘under 


half of the depth.” iad The algebraic steps leading to this result involved division 


by zero, which, of ¢ course, invalidates any subsequent conclusion. = 


concerned because of the ey that the jump might occur in the reverse 
direction, w hich 1 he notes, is “contrary to a accepted hydraulic. theory.” Mr. 
_ Hall has overlooked the fact ‘that, in so far as momentum changes alone are 
concerned , the jump is quite a a seversible. process. A reverse jump w ‘ould 
7 require an increase in total energy in the direction of flow, which presumably 
accounts for the rarity of its occurrence in nature. ww a 
Both | Mr. Morris and Mr. Stevens note that the momentum terms are. 
based on average velocities, and, to be ‘strictly correct, ‘such terms 
contain a velocity coefficient. Although this is undeniably true. 
it seems to ) be of s secondary importance e in comparison with inability to — 
all pressure forces correctly. _ This is particularly true of the experiments de- 
 seribed in this paper, in which tranquil flows were maintained in all cases. — 
_ Mr. Morris draws attention | to Mr. , Bickerstaff’s photographs, which are 


— isolated examples taken from a large collection of very good pictures. In each 


4 Energy Losses in Pipes,” by J. Cc. Stevens, Engineering News-Recora. 


*Energy Loss in Mixing Streams. in n Closed Conduits, by William Reeves Shuler, the=* 

g resented to the Univ. of California in Berkeley in May, 1940, in partial fulfilment of the requiremen® 
for the degree of of Master of of Science (unpublish 


upstream end the direction of the \ velocity is known to be parallel to the eats 
However, its inclusion introduces a a component of pressure force in the direction 7 


The comments of Mr. Hosig ri regarding the practical aspects of this research 
‘are very welcome, since such considerations were quite beyond the scope of the 


| 


- the condition of no flow in the side « channel, , the velocity head is alw: ays el 


Ss In Eq. 9, Mr. Hall ios derived the hy draulie j jump relationship, but appears 


2 
| 
| 
— 
| 
— 
— 
2 
4 
3 
| 
| 
| 
= 


January, 1944 “TAYLOR” ON FLOW CHANNEL JUNCTIONS 121 


case the dye had been injected so so that, by: the time it had reached the junction, 


it occupied the full depth of the section. if the writer’ 8 memory serves cor- 
7 ‘rectly, the interface remained essentially vertical in the 1 vicinity | of the inter- _ 


section. 2. 


s are in substantial agreement on the 
netttaiatinn' in athe analy: sis as s presented. In the event that a problem similar 


o this one should be investigated in the toh, the experimenter would be 
well advised to heed ‘their comments 
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By W. L.. CHADWICK 7 7 


CHADWICK,! Am. Soc. C. full and interesting description 


of the po pow er contracts fort the Boulder Canyon ena is presented i in this vinta 


Boulder ‘Cee Peet to the was 

- encountered in only an unimportant way because the Boulder Canyon Project 
Act required, before > money for construction could be appropriated, that ‘pro- 
: 

vision be made by contract for revenues sufficient to insure “payment of all 

“expenses of operation and maintenance and Tepayment of construction ad- 

vances by the United States, with interest : at 4%. Since the rate fo for firm 

energy was determined by the competitive co: costs of steam generated « energy Pat 


load centers in in Southern | California, | there was no problem of ¢ allocating costs 
for rate-fixing purposes. Furthermore, the flood control allocation of $25, 000,-. 
000 was ‘Statutory. Although a price was set for water. storage se ‘service, this 
rate | was not based on capital investment alle allocated to the | purpose. © / Allocation 
‘complexities, however, did enter importantly into the drafting of the numerous 


contracts under the Boulder Canyon Project Adjustment Act. 


Los Angeles and Southern California Edison ‘Under this lease 
the city undertook to generate the energy requirements of the Metropolitan 
Water District of Southern California; the municipalities of of Pasadena, Bur- Fi 
bank, and Glendale; - the states; and itself. % The | company undertook to gen- 
erate the the energy ‘required by tl the other companies and itself. The United 


States agreed to pay the lessees ‘ ‘in the form of credits upon the account of 


5a Received by the Secretary December 30, 1943. 


__ Under the original contracts the “ power privilege” was leased to the — — 


¥ 
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"CHADWICK ON “REPAYMENT CONTRACTS CTS 


‘such lessee * * * the cost incurred by it in generating energy for other — 


*x * 


I allottees * **” and agreed to ‘ “require such other allottees to repay such cost. 

‘The lease contract included the obligations of the lessees to take and pay 
(pay, in any case) for the er nergy allotted to each. . Separate contracts — 
then executed by the other allottees requiring, similarly, that each take or 


_ As the author r states, ¢ conditions during 1936 and 1937 indicated that t the 


‘ Ja anuary, (1944 


price e of 1.63 mills per kw- -hr established for falling water would. “considerably 
7 ~ more than n liquidate th the project costs. - Thel late F F. .E.W ‘eymouth, M. Am. Soc. 
ey then general manager ‘and chief engineer of the Metropolitan W vend 
a District, realizing that the taxpayers and ratepayers of the district would be © 
_-Tequired to contribute 36% of all revenues collected in excess of actual costs, 
began negotiations for” a downward adjustment of rates. The district was 
particularly | interested, because the economic depression had made large in- 
roads into anticipated water sales and it was. apparent that foresight i in con- 


in for a power supply that would be adequate for 


energy” which could not be aad and ‘for which there then seemed little saab 
ability of making effective temporary releases for salvage sales. 
- ‘The first efforts were directed toward “obtaining a revision of rates under 


- the le lease and d energy contracts then in effect. 7 Meeting opposition from thane 


‘interested in excess revenues under the original contracts, Mr. WwW eymouth 
proposed revised contracts based on the repayment of all costs only, rather — 
than on the requirement that charges. be fixed by competitive conditions. 
a Although long and tedious negotiations were required before this principle was 


enac sted in legislation, it is the basis for rates under the Adjustment Act. 


q 
} For reasons not known to the writer, during | preliminary - conferences | and 
| negotiations on the adjustment legislation, it was proposed t that, the lease of 
; "power er privilege be canceled and that: the United States operate the generating 
plant, as well as the dam, penstock, outlets, town site, utilities, ete. 
7 -hatively, it was proposed that generation be by means of agency agreements 
between the United States and the lessees. Legal difficulties involving security 
_ ' tenure and loss of the valuable leasehold rights of both lessees were resolved 7 
by a form of agency contract with about the same tenure to the lessees as 
i previously ‘enjoyed under the lease. U nder the a agency agreements, the agents f 


agree to generate energy under substantially the same bases for the same % 


a _ Under the original agreements, the rate of 1.63 mills per kw-hr covered the 
| se se of falling w ater delivered to the | butterfly valve on the upstream side of the 


turbines. Accordingly, associated with this rate Ww ere costs for construction, 


operation, and maintenance of the dam; -penstocks; outlet. structures; power 

plant building; common station facilities, such as cranes, elevators, and offices; 

and Boulder City. y; y, with its utilities, parks, streets, and administration; ete. 

How rever, the rate did not include costs for investment in, or operation, main- 


tenance, and replacement of, turbines, | ‘generators, switchgear, switch racks, 
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CHADWICK ON REPAYMENT CONTRACTS Discussions 


and related equipment. The latter were costs repaid by 


the lessees and collected, in turn, from 1 the 2 allottees by th the United States. — 


‘Under the Adjustment Act it was required that: 
= “The Secretary of the Interior is authorized and directed to, and he 
shall, promulgate charges, or the basis of computation thereof, for electric 
Y =a generated at Boulder Dam during the period beginning June 1, 1937, 
— a ending May 31, 1987, computed to be sufficient, together | with other | 
net revenues from the project, to accomplish the following purposes: 
_ “(a) To meet the cost of operation and maintenance and to provide for 
_ “(b) To repay to the Treasury, with interest at 3 per cent, the advances 
ie the Colorado River Dam Fund, made prior to "June 1, 1937, 
fifty yearsfrom that date, 
be To provide $600,000 for each of the years [payable | $300, 000 each 
States of Arizona and Nevada]***. 
“@) T o provide $500,000 for each of the years * (To the Colo- 
_rado River Development Fund for additional development i in the 


divilling the rate into a falling water charges for generation. Ac- 
cordingly, the e1 entire subject of rates and “Tate architecture,’ referred to 


by W.F. Durand, “was s opened during the hearings | held in Los. Angeles during 
1940) with R. ‘V.L. Wright presiding as special representative ¢ of the Secretary 
‘of the Interior. Mr. Durand and Leland Olds served as special advisers. 
An early principle agreed 1 to, how ever, was that the revisions in cost allocations 


. _ or in rate design should not change the a of any allottee at the 


Allocations of cost for rate purposes were complicated by the size of gen- 
erating: units, the design « of the generating plant, the number of allottees, and 


- differences in standards o of f service ¢ on the several power systems ms involved. — 7 
Boulder Canyon power plant (January, 1944) contains six generators on the ~ 
Nevada side and ‘Six on the Arizona side, all: of 82,500-kva capacity except | for 

one of 40,000 kva on the Arizona side (unit A-8). — The distribution of these 


machines between generating agents and the allottees fo for whose benefit the 


Allottee for v whose benefit th the fn is peated 


es 


of Los Angeles > en 


asadena, Boulder City, California Pacific Utility C Com- 
pany, and Citizens Utility (contractors for 


the Lincoln County Power District Me. 


— 

bs 

7 

| 
— 
— | 
4 Water District and Basic agnesium, Ine. 
al District and Basic Magnesium, Inc. 


January, CHADWICK 0} 


A-7. Southern California Edison Company 
California Electric Power Company — 
California Edison Company is the agent operating units 
, and A-8. All the remainder are operated by the City of Los 


directly from the Boulder ‘plant. T ransmission to City of Los Angeles i is at _ 


and via City of Los at 287, 000 v sto S 
Power Company at 33,000 and 69 ,000 v; to Citizens Utilities at 69,000 v; to. 


California Pacific Utilities Company at 69 000 v; and to the United States at . 
000 v. Further ‘complicating the situation the different frequencies. 
At the time construction of the plant was undertaken, all Southern California a f 
utilities, except California Electric © Power Company (then Southern Sierras 1 
Power Company) and Los Angeles Gas and Electric Company (later part of the 
City of Los Angeles system) were operated at 50 cycles. In 1936 and 1937, 

the City of Los Angeles converted its ; system | to 60 “eycles, v Ww hich, because se of 

joint transmission obligations, required similar conversion by Rakesh, Glen- 
dale, 2 and Pasadena. _ Accordingly, | the Southern California E \dison ‘generators 

are operated at 50 cycles and all others at 60 -eycles. s. Hence, parallel opera- 
- tion of all units is not possible. Such parallel operation is further undesirable 7 

because of the tremendous energy concentrations to be interrupted during 


Accordingly, after determining the costs to be met (that is, for investment, 


interest, payments to states, Colorado River Development F Fund, operation, - 
maintenance, and replacement) equitable allocation of shares in these costs 
between allottees and contractors was necessary. . At the request of the 
— Special board, » most of the allottees submitted ‘suggestions for rate design. © 
_ These varied from complicated bases involving consideration of all differences — 
- between allottees to others which would have allocated all on a straight 
Kilowatt- hour allocation. complications Ww ere decidedly u und 
straight kilowatt- hour charge was inequitable because of in 
r load factor, cost of generating equipment, differences in operating costs, etc. 
eal An equivalent. ‘of the original falling water charge was | determined by esti- : 
Mating all ¢ costs and charges for the 50-yr contract period, estimating the | 
generation of both firm and secondary "energy poe thes same a 


“determining the quotient of the two. 


y Of Los . ingeles et al. (see N-1 to N-4) ae 
City of Los Angeles et al. (see N-1 to N-4) 
Southern California Edison Company 
7 
he 
and Basie Magnesium, Inc., at 220,000 v; to Californi i 
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* sili energy component. was finally resolved by dividing the generation and 
“transforming a and switching facilities | into sections according to uses, -deter- 
“mining the investment costs for each, estimating the operation, maintenance, 


and replacement costs for a year in : advance, and billing monthly | for the total 


much testimony was taken favoring a kilowatt basis for this purpose. 


as Essentially, with two minor exceptions, it n may be said that a 


eb) ‘Allocation of all common costs for the dam and appurtenances, i 
lant, and other facilities necessary to all generation is entirely on 
= ail (2) “Allocation of costs for generation is on a direct recorded cost basis; — 


 @ Allocation for jointly used generating facilities is on a a oll 


of Southern Company its own generators 
those of the California Electric Power Company are allocated on the basis of | 

Because ‘billings must. be ye made f from month to month, are on 


fifty years in the ‘contract and 
provide for adjustments in energy rates at specified times. va Se 
. ‘The Adjustment Act contracts have now (1944) been in effect for nearly 
_ three years. Although, like all negotiated contracts, those under the Adjust- 


ment Act inv volve numerous compromises (based on neither r pure € economics nor — 
engineering), no fault has’ yet developed in the allocation bases to indicate — 
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